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ABSTRACT 
 
Characterization of cold shock domain proteins and SUMOylation system from 
Oryza sativa 
 
    Vijaya Vardhana Reddy Chaikam 
 
 
More than half of the world’s population depends on rice (Oryza sativa) for their 
nutritional requirements. Rice is the most important commercially grown agricultural 
plant and is also rapidly becoming an important scientific model system for monocots. 
With the availability of its complete genome sequence, identification and functional 
characterization of rice genes is gaining momentum. Knowledge resulting from these 
studies about the functions of genes in rice could lead to enhanced agronomic traits such 
as increased yield, biotic and abiotic stress tolerance. In this study, I aimed to understand 
the role of cold shock domain(CSD) proteins, SUMOylation system and their interaction 
in rice. 
 
In the first part of this study, two novel cold shock domain proteins from rice 
(OsCSP) were cloned and subsequently characterized their roles during stress conditions 
and development. OsCSP1 and OsCSP2 (Oryza sativa CSD protein) encode putative 
proteins consisting of an N-terminal CSD and glycine-rich regions that are interspersed 
by 4 and 2 CX2CX4HX4C (CCHC) retroviral-like zinc fingers, respectively. Using an in 
vitro DNA binding assay, I demonstrate that OsCSPs exhibit conserved ssDNA binding 
activity. In vivo functional complementation in a cold-sensitive bacterial strain, that lacks 
four cold inducible cold shock domain proteins revealed that OsCSPs function as RNA 
chaperones, similar to their bacterial and winter wheat counterparts. To understand the 
functions of these genes in rice, I studied the transcriptional regulation in response to 
abiotic stress conditions. Under cold stress, OsCSP transcript levels are only transiently 
and marginally increased and the encoded proteins did not accumulate. These transcript 
and protein data are in sharp contrast with the observed data for winter wheat and 
Arabidopsis cold shock domain proteins under cold stress. In these species, both 
transcripts and protein levels of CSPs are increased upon cold stress. Based on these data, 
it can be hypothesized that the accumulation of cold shock domain proteins may play an 
important role in determining the cold acclimation capability of the plants. Expression 
analysis at the protein and RNA levels during development revealed that OsCSPs are 
highly expressed in the reproductive and meristematic tissues. These results indicate a 
potential role for rice cold shock domain proteins in plant growth and reproductive 
development. 
 
In this study, I also characterized the post-translational modification of plant cold 
shock domain proteins by SUMOylation. Post-translational modifications can impart 
rapid changes in protein function.. SUMOylation involves the reversible attachment of a 
small protein called SUMO (small ubiquitin-like modifier) to target proteins. The SUMO 
protein has a similar three dimensional structure as that of ubiquitin and the process of 
SUMOylation is very similar to that of ubiquitination. However, unlike ubiquitination, 
SUMOylation is not implicated in protein degradation. SUMO modification can affect 
the target protein stability, sub-cellular localization protein-protein interactions. Using a 
computational approach on rice and Arabidopsis cold shock domain proteins, I identified 
canonical SUMOylation motifs in both rice CSPs and one of the Arabidopsis CSPs. 
Using in vitro assays, I demonstrated that both OsCSPs can undergo SUMOylation. 
Using mutational approaches, I identified an important lysine residue for SUMOylation 
in Arabidopsis AtCSP1. By employing GFP-tagged wild-type and variant AtCSP1 
proteins, I demonstrate that SUMOylation appears to affect AtCSP1 protein localization.   
 
In another study, I characterized the entire SUMO conjugation system in rice.  
The process of SUMOylation involves a cascade of enzymatic reactions involving 
activation (E1) enzymes, conjugation (E2) enzymes and ligation (E3) enzymes. I 
compared the protein sequences of all these genes from rice with those from Arabidopsis, 
yeast and human. This revealed a high amino acid sequence conservation of individual 
SUMOylation components from yeast to plants and animals. In Arabidopsis, the 
SUMOylation system has been implicated in plant development and in mediating abiotic 
stress responses. To understand the role of the rice SUMOylation system during 
development, I studied the SUMO conjugate profiles and the expression of individual 
SUMO component genes in various tissues at different stages of plant development. The 
highest levels of SUMOylated proteins were observed in panicles and meristematic 
tissues. Expression studies revealed that SUMO component genes are highly expressed in 
reproductive tissues like developing seeds and panicles. Together, these data implicate an 
important role for the rice SUMOylation system in plant growth and reproductive 
development. To understand the role of SUMOylation system in rice, I studied SUMO 
conjugate profiles and the transcriptional regulation of individual SUMO components 
during cold, salt and ABA stress conditions. Rice responds to these stresses by 
accumulating SUMO conjugated proteins, suggesting that protein SUMOylation helps to 
mediate plant stress responses. Studies on the transcriptional regulation of individual 
SUMO pathway genes during these stress conditions revealed that most are 
transcriptionally down-regulated. However, a particular SUMO E3 ligase gene (OsSIZ2) 
is transiently up-regulated upon exposure to all three stress conditions. Considering the 
importance of E3 ligases in improving the efficiency and specificity of the SUMO 
conjugation reactions, OsSIZ2 may mediate accumulation of SUMO conjugates during 
these stress conditions. Taken together, these data suggest a role for SUMOylation in rice 
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REVIEW OF LITERATURE 
 
Cold shock domain proteins 
The cold shock domain (CSD) is among the most ancient and well conserved nucleic acid 
binding domains distributed within bacteria, animals and plants. The CSD facilitates 
binding to RNA, ssDNA and dsDNA, and most functions attributed to cold shock domain 
proteins (CSPs) are mediated by this nucleic acid binding activity. In prokaryotes, cold 
shock domain proteins are comprised of a single CSD only and are referred as cold shock 
proteins (Csps). In higher mammalian model systems, various auxiliary domains are 
present in addition to the CSD and are commonly named as Y-Box binding (YB) 
proteins. Similar to animal CSPs, plant CSPs contain auxiliary C-terminal domains in 
addition to their N-terminal CSD. In this review, the structure, function and regulation of 
plant CSPs are compared and contrasted to the characteristics of bacterial and animal 
CSPs. 
 
Cold shock domain proteins structure 
Bacteria encode Cspsthat are of small size (67-73 amino acids) and consist of a single 
nucleic acid-binding CSD (Goldstein et al., 1990; Graumann and Marahiel, 1996).  
Within the CSD, two consensus RNA binding motifs are present (RNP-1 and RNP-2), 
which are also present in RRM-type RNA binding proteins (Landsman, 1992; Schindelin 
et al., 1993; Manival et al., 2001). Studies on the three-dimensional structures of two E. 
coli Csps (CspA and CspB) placed the RNP-1 and RNP-2 motifs on separate, juxtaposed, 
adjacent ß-strands within the CSD (Newkirk et al., 1994; Schindelin et al., 1994; Feng et 
al., 1998). A similar structure was also observed for the CspB protein from Bacillus 
subtilis (Schindelin et al., 1993). Aromatic residues residing within the RNP-1 and RNP-
2 motifs are critical for facilitating ssDNA-binding activity by enabling base stacking 
(Schindelin et al., 1994; Schroder et al., 1995) without apparent sequence specificity. 
CspB from Bacillus subtilis and CspD from E. coli purify as dimers in solution. In the 
case of B. subtilis CspB, dimers are formed between two anti-parallel CspB molecules 
through interactions between the β4-β4 and β4-N terminus (Schindelin et al., 1993; 
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Schnuchel et al., 1993). On the other hand, CspA from E. coli was crystallized as a 
monomer (Newkirk et al., 1994; Schindelin et al., 1994). 
Unlike bacterial Csps, their eukaryotic counterparts contain auxiliary domains in 
addition to a cold shock domain. In the human CSP, YB-1, three structural domains can 
be recognized: a small domain at the N-terminus which is Ala and Pro rich (A/P domain), 
a central cold shock domain (CSD), and a C-terminal domain (C domain) with alternating 
clusters of positively and negatively charged amino acid residues (four clusters of each 
charge) (Matsumoto and Wolffe, 1998; Bader and Vogt, 2005). Among bacterial Csps 
and YB-1, the ~70 residues that comprise the CSD represent the only region that exhibits 
a high level of sequence conservation. Studies on the CSD of YB-1 revealed a β-barrel 
spatial structure bearing similarity to bacterial Csps with a similar arrangement of RNA 
binding motifs (Schindelin et al., 1993; Schnuchel et al., 1993; Kloks et al., 2002). The 
C-terminal auxiliary domain was proposed to have a nonspecific affinity for RNA and 
DNA which may result from its interaction with negatively charged phosphate groups of 
nucleic acids (Evdokimova and Ovchinnikov, 1999). It also serves as a docking site for 
other interacting proteins (Wolffe, 1994). Similar to bacterial Csps, YB-1 forms large 
homomultimeric complexes (Evdokimova et al., 1995; Gaudreault et al., 2004). The 
domain structure among vertebrate Y-box proteins is essentially similar with 100% 
sequence homology in the CSD. The C-terminal tail domain in vertebrate Y-box proteins 
is highly divergent and is used to distinguish germ cell and somatic cell type Y-box 
proteins (Skabkin et al., 2006).  The three dimensional structure of a plant CSD has not 
yet been reported. Plants CSPs are glycine-rich proteins and are distinct in that they 
contain two types of nucleic acid-binding modules, a single N-terminal CSD and variable 
numbers of C-terminal retroviral-like CCHC zinc fingers that are interspersed by glycine-
rich regions (Karlson and Imai, 2003).  
 
Functions of Cold Shock Domain proteins 
Functions in cold stress adaptation 
Bacterial Csps play critical roles during the cold adaptation process. E. coli contains nine 
Csps named from CspA to CspI (Yamanaka et al., 1998), of which only CspA, CspB, 
CspE, CspG, and CspI are cold inducible (Goldstein et al., 1990; Lee et al., 1994; 
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Nakashima et al., 1996; Wang et al., 1999). Upon cold stress, synthesis of the major cold 
shock domain protein CspA is very highly induced, it accumulates to comprise more than 
10% of the total protein in cold-shocked cells (Goldstein et al., 1990). The binding of 
CspA to RNA is associated with the destabilization of the secondary structures in RNA, 
thereby facilitating translation at low temperatures, where formation of secondary 
structures in RNA is common (Jiang et al., 1997). Later, an RNA chaperone activity was 
attributed to CspE protein (Phadtare et al., 2002; Phadtare and Severinov, 2005). 
However, a quadruple deletion of CspA, CspB, CspG, and CspE is required to make the 
E. coli cells cold sensitive (Xia et al., 2001) indicating the redundancy of function for 
Csps during exposure to low temperature stress.  
  Until recently, the cellular functions of vertebrate Y-box proteins were not 
correlated to low temperature stress. Recently, a downshift in the cell culture temperature 
of YB-1-depleted chicken cells was shown to lead to growth arrest. Cell growth under 
low temperature was restored by the expression of an epitope-tagged YB-1 protein in the 
gene disruptants. This was the first indication that CSD proteins are important for cold 
adaptation in higher vertebrates (Matsumoto et al., 2005).  
In plants, expression studies on a wheat cold shock domain protein (WCSP1) 
revealed an up-regulation on both the transcript and protein level during cold acclimation 
(Karlson et al., 2002). The WCSP1 protein complements the cold sensitive phenotype of 
the quadruple Csp-deletion strain of E. coli (BX04), indicating that this protein can 
function in vivo in a bacterial system. Similar to some bacterial Csps, WCSP1 can also 
function as a transcription anti-terminator indicating a role in transcription (Nakaminami 
et al., 2006). Expression studies revealed that some Arabidopsis CSP transcripts are also 
increased upon cold stress treatment, indicating a potential role in cold adaptation 
(Karlson and Imai, 2003; Kim et al., 2007; Sasaki et al., 2007). Very recently, 
Arabidopsis thaliana cold shock domain proteins (AtCSPs) were shown to promote cold 
adaptation in bacteria (Kim et al., 2007; Sasaki et al., 2007). Another recent study in rice, 
a plant which cannot acclimate to cold conditions, revealed that the expression of cold 
shock domain proteins was not induced in response to low temperature stress. However, 
in vitro and in vivo studies demonstrated that these proteins were capable of functioning 
in a similar fashion as wheat and Arabidopsis cold shock domain proteins, indicating a 
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correlative role for cold shock domain proteins in the cold acclimation process (Chaikam 
and Karlson, 2008). Despite this evidence about the role of cold shock domain proteins in 
cold adaptation, their mode of action in planta and their importance during cold 
acclimation are poorly understood. 
 
Functions in DNA metabolism 
In E. coli, camphor induced chromosome decondensation was reversed by overexpression 
of CspE and CspC (Hu et al., 1996). In addition, CspD was shown to act as a novel 
inhibitor of DNA replication and play a role in chromosome replication during nutrient 
stress (Yamanaka and Inouye, 2001a). Hence, bacterial Csps are implicated in 
maintaining chromosome structure and DNA replication. 
Similar to prokaryotic Csps, the higher eukaryotic cold shock domain protein, 
YB-1, plays an important role in various aspects of DNA metabolism. YB-1 moves from 
the cytoplasm to the nucleus in response to UV light and DNA-damaging chemicals 
(Koike et al., 1997; Gaudreault et al., 2004). The YB-1 protein exhibits a stronger affinity 
toward secondary structures in damaged DNA and aids in DNA repair (Ise et al., 1999; 
Gaudreault et al., 2004). YB-1 plays a role in DNA recombination by promoting 
complementary DNA strand exchange (Ise et al., 1999; Skabkin et al., 2001). Similar to 
bacterial Csps, YB-1 functions in DNA replication (Levenson et al., 2000; En-Nia et al., 
2005). Thus, YB-1 appears to be involved in majority of the DNA dependent process. To 
date, plant CSPs have not been studied in relation to DNA recombination and repair.  
 
Transcription 
In E. coli, Csps affect transcription by acting as transcription antiterminators. In in vitro 
studies, CspE protein inhibited phage lambda Q-mediated transcriptional antitermination 
(Hanna and Liu, 1998). Over expression of the CspE protein resulted in high expression 
of several promoter-distal genes in the metY-rpsO operon due to transcription 
antitermination (Bae et al., 2000) Using in vitro and in vivo studies, CspA, CspE, and 
CspC proteins were demonstrated to work as transcription antiterminators at ρ-
independent terminators (Bae et al., 2000).   
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In addition, CspE associates with nascent RNA in transcription elongation complexes 
implicating a role in transcription (Hanna and Liu, 1998). The transcription pause 
efficiency of RNA polymerase was shown to be increased by CspE and CspA protein 
(Jiang et al., 1996b; Bae et al., 1999).  
The role of human YB-1 has been well studied in relation to transcription. Initially, this 
protein was identified by its ability to bind to the Y-box sequence (inverted CCAAT 
motifs) of MHC class II promoters (Didier et al., 1988). The binding of YB-1 to Y-box 
sequences influences the transcription of genes either positively or negatively by binding 
(Swamynathan et al., 1998; Kohno et al., 2003). Numerous genes that are important for 
normal cellular functions are transcriptionally regulated by the YB-1 protein (Skabkin et 
al., 2006). During the G1/S phase transition or in response to thrombin, YB-1 is 
transferred from the cytoplasm to the nucleus and activates the transcription of certain 
genes like cyclin A and B1 (Jurchott et al., 2003) or those involved with endothelial cell 
differentiation (Stenina et al., 2001). In the case of plant CSPs, no evidence has been 
produced to suggest that they may function as transcription factors. However, wheat 
WCSP1 and Arabidopsis AtCSP2 (AtGRP2) are localized to the nucleus (Nakaminami et 




The majority of E. coli Csps are capable of binding RNA (Jiang et al., 1997; Yamanaka 
et al., 1998; Phadtare and Inouye, 1999). During exposure to low temperature stress 
conditions, stabilized secondary structure formation in RNA is thermodynamically 
favored and hinders the translation of transcripts. It was shown experimentally in E. coli 
that the major cold-induced Csp (CspA) acts as an RNA chaperone and destabilizes 
secondary structures (Jiang et al., 1997). CspE was later shown to melt partially double 
stranded and hairpin structures (Phadtare and Severinov, 2005). The CspE protein was 
also shown to by bind  poly-A tails and thereby stabilize mRNA  by reducing degradation 
by PNPase and RNaseE (Feng et al., 2001). Transcripts of the global stress response 
regulator, rpoS and stress response protein, uspA, were shown to be stabilized by CspC 
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and CspE (Phadtare and Inouye, 2001). Hence, bacterial Csps are believed to function in 
translation by acting as chaperones and preventing mRNA degradation.  
The role of YB-1 in translation has been extensively studied. YB-1 protein, 
known originally as p50, was detected in mRNP (messenger ribonucleoprotein) 
preparations from various cells and organisms (Preobrazhensky and Spirin, 1978; 
Dreyfuss, 1986). YB-1 exhibits a high affinity for mRNPs and acts as a structural protein 
in their spatial organization (Minich et al., 1993; Bader and Vogt, 2005). YB-1 exists as a 
major component of free mRNPs that are not currently being translated, while the 
polysomal mRNPs, which are being translated, contain poly(A)-binding protein (PABP) 
along with YB-1 (Blobel, 1973; van Venrooij et al., 1977; Minich and Ovchinnikov, 
1992)   
YB-1 accompanies mRNAs throughout their “life cycle” by binding to newly 
emerging pre-mRNA on chromosomes (Kohno et al., 2003; Soop et al., 2003). 
Depending on the ratio of YB-1 to mRNA, YB-1 differentially affects translation. 
Translation is stimulated when there is little YB-1, and completely suppressed at a higher 
YB-1/mRNA ratio (Minich and Ovchinnikov, 1992). The YB-1 mediated regulation of 
translation occurs only during translation initiation (Evdokimova et al., 1998; Nekrasov 
et al., 2003). It was proposed thatYB1 stimulates translation initiation by  promoting the 
43S preinitiation complex to scan the 5'-untranslated region (5'-UTR) in search for the 
initiation codon (Evdokimova et al., 1998). YB-1 inhibits translation by blocking the 
interaction between mRNA and translation initiation factors, primarily eIF4G, at the first 
step of initiation (Nekrasov et al., 2003). 5’-capped mRNAs were found to be stabilized 
by YB-1 in both in vitro and in vivo studies (Chen et al., 2000; Evdokimova et al., 2001; 
Nekrasov et al., 2003). The cold shock domain of YB-1 interacts with the cap, and this 
interaction inhibits the action of cap-cleaving enzymes. Thus YB-1 promotes the 
accumulation of mRNAs in the form of free mRNPs for stable storage by suppressing 
translation and the removal of the 5’ cap (Evdokimova et al., 2001; Nekrasov et al., 2003; 
Skabkin et al., 2006). In addition to a role in translation initiation, evidence is 
accumulating that YB-1 plays a role in alternative splicing of pre-mRNA in the cell 
nucleus (Chansky et al., 2001; Stickeler et al., 2001).  
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In plants, the role of cold shock domain proteins in the translation process has not 
been studied. Plant CSPs can complement the cold-sensitive phenotype in  the E. coli 
CSP quadruple deletion strain (BX04), suggesting that plant CSPs can also act as 
chaperones during cold stress (Nakaminami et al., 2006; Kim et al., 2007). The sub-
cellular localization of WCSP1 to the endoplasmic reticulum suggests that it may perform 
a role in translation (Nakaminami et al., 2006). NAB1, a CSP from Chlamydomonas was 
shown to stabilize the mRNA of the chlorophyll binding protein mRNA and repress its 
translation by sequestering it into non-translated mRNPs at the translation pre-initiation 
stage (Mussgnug et al., 2005). Taken together, these results suggest a potential role for 
plant CSPs in translation. 
 
Regulation of expression of cold shock domain genes 
Among the bacterial Csps, E. coli CspA is the best studied in terms of gene expression. 
The previous notion that CspA is regulated solely by a cold responsive transcription 
factor (Tanabe et al., 1992) was proven to be incorrect with the discovery that the natural 
promoter of CspA is not required for its cold induction (Brandi et al., 1996; Fang et al., 
1997). The CspA transcript is highly unstable at 37°C and its stability is greatly increased 
after cold shock (Goldenberg et al., 1996; Fang et al., 1997). Subsequent experiments 
revealed that the 5’ untranslated region (UTR) of CspA transcripts play a critical role in 
conferring the instability of the transcript (Brandi et al., 1996). The complete deletion of 
the 5’UTR - resulted in high levels of CspA transcripts at 37°C (Fang et al., 1997). The 
discovery of potential RNaseE recognition elements in the 5’ UTR led to the hypothesis 
that CspA transcript cleavage by RNaseE at 37°Cresult in its extreme instability 
(Goldenberg et al., 1996). During cold shock, CspA transcripts are initially stabilized, 
however their stability is decreased during cold acclimation because of the transcript 
degradation by the PNPase enzyme (Yamanaka and Inouye, 2001b). In addition, “cold 
box”, a negative cis-element in the 5’ UTR of the CspA transcript, can be recognized by 
the CspE or CspA protein, thereby increasing the transcription pause recognition (Jiang et 
al., 1996a; Bae et al., 1999). Thus CspA expression is regulated post-transcriptionally 
through the 5’UTR.  
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Similar to CspA, expression of the vertebrate YB-1 protein is also regulated on a 
post-transcriptional level. In contrast to CspA, a short nucleotide sequence with in the 3'-
UTR was found to be important (Skabkina et al., 2003). This short sequence was 
sufficient to suppress the translation of not only YB-1 mRNA but also of other mRNAs 
in a cell-free translation system. This observation led to the hypothesis that proteins 
involved in translation initiation selectively bound to this sequence. Later, UV inducible 
cross linking experiments identified YB-1 and PABP as the main proteins that bound to 
this sequence (Skabkina et al., 2003). In a cell free translation system, the YB-1 protein 
completely suppressed the translation of YB-1 mRNA, while PABP promoted its 
translation. PABP and YB-1 compete with each other to bind YB-1 mRNA. Specific 
binding sites of YB-1 and PABP in the 3’UTR were identified using foot-printing 
(Skabkina et al., 2005). The regions were found to overlap with each other and contain a 
common octanucleotide motif, UCCA(G/A)CAA. A comparison of the 3'-UTR 
nucleotide sequences of mRNAs coding for Y-box proteins of various organisms, from X. 
laevis to humans, revealed the evolutionary conservation of the regulatory region, which 
is enriched in A and C. These studies suggest that most vertebrate cold shock domain 
genes are regulated post-transcriptionally. The regulatory elements and proteins involved 
in the regulation of plant CSP gene expression are not known. 
 
Role in development 
The quadruple Csp deletion mutants of E. coli showed elongated and filamentous cells at 
15°C due to defects in cell septum formation (Xia et al., 2001; Kim et al., 2007). The 
expression of CspD was found to be dramatically induced during stationary phase 
growth. However, the role of this protein in bacterial development is not clearly 
understood (Yamanaka and Inouye, 2001a).  
In higher eukaryotes, cold shock domain proteins play an important role in 
development mostly by affecting the translation of certain mRNAs during specific 
developmental stages. YB-1 plays a role in the stable storage of specific mRNAs by 
binding to them and repressing their translation until needed. mRNA storage is especially 
important during certain stages of development, during which cells are rapidly dividing 
and transcriptional activity is minimal (Sommerville, 1999). For example, the Y-box 
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binding protein, FRGY2 is abundant in Xenopus oocytes and is bound to cytoplasmic 
maternal mRNAs masking their translation (Murray et al., 1991). Similar to the situation 
observed in Xenopus, Y-box proteins like MSY1, MSY2a, MSY2b, and MSY4, have 
been identified in the germ cells of mice (Tafuri and Wolffe, 1993; Gu et al., 1998; 
Davies et al., 2000). MSY2 accounts for ~2% of total oocyte protein and is present in 
early and mature oocytes but completely disappears at the late two-cell stage embryo 
stage, suggesting that MSY2 stabilizes and/or regulates the translation of maternal 
mRNAs (Yu et al., 2001). Reduction of MSY2 levels in mouse oocytes resulted in 
reduced fertility (Yu et al., 2004). A high abundance of MSY2 is also observed in meiotic 
and post-meiotic germ cells in testes (Gu et al., 1998). It was observed that MSY2 
preferentially bound to mRNAs that are transcribed from a Y-box promoter, thereby 
linking transcription with translational delay in male germ cells. Lack of MSY2 results in 
spermatogenic arrest and male infertility (Yang et al., 2007). In C. elegans, the Lin28 
cold shock domain protein controls developmental transition during early stages (Moss et 
al., 1997). Collectively, these results suggest a key role for cold shock domain proteins 
during development by affecting translation. 
Using Arabidopsis thaliana as a model plant, CSPs were shown to be important 
during plant development. When AtGRP2/AtCSP2 expression was up- or down regulated, 
many developmental abnormalities with respect to flowering time, apical dominance and 
seed development were observed. Furthermore, the transcripts of this gene are abundant 
in meristematic areas in which rapid cell divisions occur suggesting this protein may 
function in mRNA storage (Fusaro et al., 2007). A subsequent extensive study 
characterized the expression of the entire Arabidopsis CSP family in relation to stages of 
development and floral and silique development (Nakaminami et al., 2009).  In 
Chlamydomonas, the NAB1 protein was shown to aid in the acclimation to high light 
conditions by regulating the size of light harvesting antenna of PSII by affecting the 
mRNA stability of light harvesting chlorophyll binding protein (Mussgnug et al., 2005). 
 
Post-translational modifications of cold shock domain proteins 
Unlike bacterial Csps, several vertebrate cold shock domain proteins have been shown to 
be modified on the post-translational level. Xenopus FRGY1 and FRGY2 are 
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phosphorylated by casein kinase II; this modification promoted their mRNA binding 
capability, which may affect mRNA silencing during oogenesis (Sommerville and 
Ladomery, 1996; Matsumoto and Wolffe, 1998). For human YB-1, casein kinase II 
mediated phosphorylation did not affect its RNA binding ability (Skabkin et al., 2001). 
Recently, it was discovered that YB-1 can also be phosphorylated by AKT kinase, 
decreasing its ability of binding to mRNA caps. This affected Cap-dependent 
translational repression by YB1, resulting in the activation of silenced mRNA species 
(Evdokimova et al., 2006). Another vertebrate CSP, PIPPin was shown to be 
SUMOylated in rat brain in the presence of thyroid but not in its absence in 
hypothyroidism (Bono et al., 2007). The functional significance of SUMOylation for this 
protein is not yet understood.  
Four Arabidopsis CSPs were shown to undergo phosphorylation in vitro using 
cell extracts of plants grown under standard conditions (Karlson et al., 2009, Thompson 
et al. unpublished results). CSPs from various plants were shown to possess one or more 
SUMOylation signature motifs. Using in vitro assays, AtCSP1 and both rice CSPs were 
shown to be capable of being SUMOylated. 
In summary, CSPs from bacteria and higher vertebrates mediate various cellular 
processes by binding to nucleic acids. These proteins function in transcription, translation 
and DNA-dependent processes like recombination and repair. In bacteria, these proteins 
are critical for survival under cold stress. Even though CSPs are widespread in plants, 
very little is known about their cellular functions. Expression data for winter wheat and 
Arabidopsis CSPs suggest that these genes play important roles in plant cold stress 
responses. To expand our knowledge about plant CSP functions, I initiated functional 










SUMOylation system  
Protein modification by the addition of chemical groups like phosphate, methyl, acetate, 
(etc.) or small proteins such as ubiquitin and ubiquitin-like proteins, is a way to rapidly 
alter the functions of pre-existing proteins; therefore they play critical roles in various 
cellular processes. Protein modification by ubiquitin conjugation has been studied for 
many years and its role in target protein degradation via the 26S proteasome is well 
established. SUMO protein, a ubiquitin-like modifier, resembles ubiquitin in its 3-D 
structure, the presence of a C-terminal diglycine motif, and a similar protein size. 
However, SUMO only shares ~18 % sequence identity with ubiquitin and possesses a 
different surface charge topology (Bayer et al., 1998; Mossessova and Lima, 2000; Jin et 
al., 2001; Muller et al., 2001; Geiss-Friedlander and Melchior, 2007; Zhao, 2007a). It 
also include an N-terminal unstructured extension of up to 22 residues, not present in 
ubiquitin, that provides additional interface for protein-protein interactions (Seeler and 
Dejean, 2003). SUMO has been recently recognized as a common post-translational 
modifier of proteins that affects protein interactions, localization, and function (Johnson, 
2004; Zhao, 2007a). 
The majority of identified SUMO targets are nuclear proteins. Therefore, the 
importance of SUMOylation has been implicated in nuclear functions.  However, 
cytoplasmic and membrane bound proteins have been recently identified as 
SUMOylation targets indicating a wide range of functions for SUMOylation in different 
cellular compartments (Seeler and Dejean, 2003; Gill, 2004; Geiss-Friedlander and 
Melchior, 2007). Many of the SUMOylation target proteins contain a recognizable 
consensus motif, namely ψ-Lys-X-Glu/Asp (where ψ is a large hydrophobic amino acid, 
most commonly isoleucine or valine, and X is any residue) (Rodriguez et al., 2001; 
Sampson et al., 2001). However, some proteins like histones can also undergo 
SUMOylation even in the absence of this motif (Shiio and Eisenman, 2003; Nathan et al., 
2006). In addition to the core ψ-Lys-X-Glu/Asp motif, some surrounding motifs like 
NDSM (negatively charged amino acid-dependent SUMOylation motif), which is 
characterized by clusters of acidic residues in the downstream region (Yang et al., 2006), 
and PDSM (Phosphorylation- dependent SUMOylation motif) (Hietakangas et al., 2006) 
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SUMO genes and other SUMOylation components are conserved among all eukaryotes. 
The budding yeast, Saccharomyces cerevisiae, contains a single SUMO (Smt3) protein 
which was shown to be essential for viability (Meluh and Koshland, 1995; Johnson and 
Blobel, 1997). The fission yeast, Schizosaccharomyces pombe, also contains a single 
SUMO gene (PMT3) whose deficiency results in defects in the genome maintenance but 
cells are viable (Tanaka et al., 1999). Similar to yeasts, invertebrates like C. elegans and 
Drosophila melanogastor, contain a single SUMO gene (Geiss-Friedlander and Melchior, 
2007). Vertebrates contain four SUMO genes namely SUMO1, SUMO2, SUMO3 and the 
recently identified SUMO4 (Melchior, 2000; Geiss-Friedlander and Melchior, 2007).  It 
was shown that SUMO2/3 as well as SUMO4 can form SUMO chains in vivo and in vitro 
(Tatham et al., 2001). SUMO 2/3 conjugation to substrate proteins is strongly induced in 
response to various stress conditions such as high temperature (Tempe et al., 2008). In 
plants, the monocot Oryza sativa contains three SUMO isoforms (Miura et al., 2007a), 
whereas the Arabidopsis genome contains nine SUMO genes named from AtSUMO1 to 
AtSUMO9 (Kurepa et al., 2003; Miura et al., 2007a). Among the nine SUMO genes in 
Arabidopsis, only four genes (AtSUMO1, 2, 3, and 5) are expressed (Kurepa et al., 2003; 
Saracco et al., 2007). AtSUMO4, AtSUMO6 and AtSUMO7 genes do not contain a C- 
terminal diglycine motif, while AtSUMO9 only contains a partial SUMO sequence, 
hence these genes were considered as pseudogenes (Kurepa et al., 2003; Saracco et al., 
2007). In Arabidopsis, SUMO isoforms SUMO1/SUMO2 as well as SUMO3, were 
shown to form SUMO conjugates in vivo by using antibodies directed against 
SUMO1/SUMO2 (Kurepa et al., 2003; Lois et al., 2003) and SUMO3 (Kurepa et al. 
2003). All of the SUMO isoforms are produced as precursor proteins, that must be 
processed by SUMO specific proteases to make the diglycine motif available for 






Mechanistically, the SUMO modification pathway like to the ubiquitination pathway 
involves a series of enzymes. Many of the SUMO pathway components show structural 
and functional homology to those of the ubiquitin pathway, but are very specific to 
SUMOylation (Melchior, 2000). The SUMO modification of target proteins is facilitated 
by three major enzymatic reactions mediated by E1 activating, the E2-conjugating and E3 
ligase enzymes. SUMO detachment involves SUMO specific proteases belonging to the 
SENP [sentrin (also known as SUMO)-specific protease] family.  
 
SUMO E1 genes 
SUMO-activating E1 enzymes activate the mature SUMO proteins by acting at the C-
terminal diglycine motif. Functional SUMO-activating enzyme (SAE) is a heterodimer 
formed from two proteins (SAE1 and SAE2) with molecular weights ~ 40 kDa and 70 
kDa, respectively (Dohmen et al., 1995; Johnson et al., 1997; Desterro et al., 1999; Gong 
et al., 1999).  SAE1 is similar to the amino-terminal half of ubiquitin activating enzyme, 
whereas SAE2 shows similarity to the carboxyl terminal half of the ubiquitin activating 
enzyme and contains the active-site cysteine (Melchior, 2000; Johnson, 2004). The 
Arabidopsis thaliana genome contains two genes for SAE1 protein namely, SAE1a 
(At4g24940) and SAE1b (At5g50580) (Colby et al., 2006; Miura et al., 2007a). The 
larger subunit of SAE, SAE2 is represented by a single copy gene (At2g21470) in the 
Arabidopsis genome (Colby et al., 2006; Miura et al., 2007a).  The rice genome contains 
single genes for both SAE1 and SAE2 proteins (Miura et al., 2007a). The SUMO-
activating enzyme (SAE) activates mature SUMO in a three step reaction. In the first 
step, SUMO C-terminal adenylate is formed and pyrophosphate is released by the 
reaction between the C-terminal carboxyl group of mature SUMO and ATP. Next, the 
thiol group of the active site in the SUMO activation enzyme attacks the SUMO 
adenylate, releasing AMP and forming a high energy thiolester bond between the E1 and 
the C terminus of SUMO. In the final reaction, the activated SUMO is transferred to a 
catalytic  residue in the SUMO conjugation enzyme (SCE) (Johnson, 2004). Thus, at the 




SUMO E2 genes 
The SUMO E2 enzymes are known as SUMO Conjugation Enzymes (SCE), which serve 
as the final donors of SUMO group to the substrate. Upon transfer from SAE, a SUMO-
E2 thiolester intermediate is formed between the active site of SUMO-conjugating 
enzyme (SCE) and C-terminal carboxyl group of activated SUMO (Johnson and Blobel, 
1997; Desterro et al., 1999). Next, this intermediate attacks the target protein to form an 
isopeptide bond between the ε-amino group of an internal lysine residue in the SUMO 
consensus sequence and the activated SUMO carboxyl terminus (Johnson, 2004). This 
reaction is facilitated by the binding of SCE to the target protein. SCE proteins have a 
strong overall positive charge and a patch of protein surrounding the active site binds 
directly to the ψKXE\D consensus sequence in the substrate (Bernier-Villamor et al., 
2002; Tatham et al., 2003). Only one SCE is present in yeast (called UBC9), 
invertebrates, and most likely in vertebrates as well (Johnson, 2004). Unlike other model 
systems, plants contain multiple E2 enzymes. Arabidopsis and rice contains two and three 
E2 genes, respectively (Miura et al., 2007a).  
 
SUMO E3 genes 
SUMO ligases (E3 enzymes) facilitate the transfer of SUMO from the E2 enzyme to the 
target proteins.  SUMO ligases can directly or indirectly bind to specific substrates to 
mediate SUMO transfer (Melchior, 2000; Johnson, 2004). Both in vitro and in vivo 
studies confirmed that E1 and E2 enzymes are sufficient for SUMOylation of some 
substrates (Desterro et al., 1999; Okuma et al., 1999). However, it is well recognized that 
E3 enzymes are necessary for most in vivo SUMO conjugating reactions (Johnson and 
Gupta, 2001; Takahashi et al., 2001; Pichler et al., 2002).  
So far, four types of SUMO ligases have been identified in animals and fungi, 
namely SIZ/PIAS, RanBP2, Pc2, and NSE2/MMS21 (Johnson, 2004; Miura et al., 
2007a).  The SIZ-type of E3 ligases, which were the first to be identified and 
characterized, are similar to the major class of ubiquitin ligases in that they use a RING-
like domain for binding to SUMO protein (Hochstrasser, 2001; Jackson, 2001). These 
proteins contain SAP, PINIT, SP-RING, SUMO binding, and NLS domains (Sharrocks, 
2006; Palvimo, 2007). SP-RING is a C2HC3- type of Zinc finger and aids in the binding 
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of SIZ/PIAS proteins to SCE1. Both PINIT and SP-RING domains are necessary for 
SUMO E3 ligase activity of SIZ/PIAS proteins. The SAP domain binds to DNA and is 
important for trans-repression activity of PIASy protein, which attenuates transcription 
factor activity of STAT1 and the androgen receptor (Sharrocks, 2006; Palvimo, 2007). 
Plant SIZ/PIAS homologs contain another plant specific C4HC3 Zn-finger domain called 
the plant homeo domain (PHD), which also seems to function in DNA binding (Bienz, 
2006; Miura et al., 2007a). Arabidopsis and rice contain two and three SIZ/PIAS 
homologues, respectively (Miura et al., 2007a). 
RanBP2 (Ran-binding protein 2) and Pc2 do not show any sequence similarity to 
SIZ/PIAS type SUMO ligases or ubiquitin ligases. RanBP2 was first identified to interact 
with SUMOylated RanGAP at cytoplasmic filaments of the nuclear pore complex 
(Matunis et al., 1996; Mahajan et al., 1997). This type of SUMO ligase is probably 
restricted to animals, because its prominent substrate RanGAP is apparently not 
SUMOylated in fungi and a similar situation may occur in plants. In particular, the 
SUMO acceptor domain is lacking in plant RanGAP (Rose and Meier, 2001). So far, 
plant homologues of RANBP2 have not been identified. In contrast to RanBP, PcG 
proteins form large multimeric complexes, which are detectable microscopically as 
discrete foci, called PcG bodies within the cell nucleus (Kagey et al., 2003; Wotton and 
Merrill, 2007). Plant homologues of PcG proteins with SUMO ligase activity have not 
yet been identified. 
NSE2/MMS21 (non-SMC element/methyl methanesulfonate sensitive) orthologs 
are characterized by SP-RING domains of the C2HC2-type that are necessary for SUMO 
E3 ligase activity. Single putative orthologs of NSE2/ MMS21 were identified in 
Arabidopsis and rice based on sequence information (Miura et al., 2007a). 
 
SUMO proteases 
The desumoylation process involves cleavage of SUMO from its target proteins, which is 
catalyzed by SUMO proteases via their SUMO isopeptidase activity. SUMO proteases 
maintain SUMO equilibrium by providing a source of free SUMO for conjugation of 
other proteins (Melchior, 2000; Geiss-Friedlander and Melchior, 2007). SUMO proteases 
contain a ~ 200 amino acid domain (Ulp domain), which has the SUMO cleaving activity 
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(Mossessova and Lima, 2000). The Ulp domain is distantly related to a number of viral 
proteases, but is not related to ubiquitin proteases (Li and Hochstrasser, 1999). Yeast 
SUMO proteases, Ulp1 and Ulp2 (ubiquitin-like modifier proteases) can catalyze the 
carboxyl terminus processing of SUMO and also remove SUMO from isopeptide linked 
conjugates (Li and Hochstrasser, 2000). In mammals, seven proteins were identified with 
Ulp domains and are called SENPs (sentrin proteases). The homologs of SUMO 
proteases were identified in Arabidopsis and rice (Kurepa et al., 2003; Miura et al., 
2007a)  In Arabidopsis, 67 genes encode a  domain similar to the SUMO protease domain 
have been identified. Thus, there has been a huge expansion in this class of proteases, and 
it is unlikely that all of them are specific for SUMO (Novatchkova et al., 2004). 
Arabidopsis AtULP1a, AtULP1c, AtULP1d, and AtESD4 have been functionally 
characterized as SUMO proteases, because they have SUMO peptidase and isopeptidase 
activities that are required for SUMO precursor protein processing and substrate 
deconjugation, respectively (Miura et al., 2007a).  
 
Regulation of SUMOylation system 
SUMOylation is a very dynamic process with only a small proportion of any protein 
being modified (Guo et al., 2007). It has been observed that some SUMO targets are 
modified constitutively, whereas many proteins are SUMOylated in a temporally or 
spatially regulated fashion (Bossis and Melchior, 2006b; Guo et al., 2007). It was 
proposed that SUMOylation can be regulated in four different ways as described below 
(Guo et al., 2007; Liu and Shuai, 2008). 
 
1) By altering the gene expression of SUMO cascade components 
The expression of various SUMO cascade components was shown to be regulated in 
response to different physiological and pathogenic conditions (Bossis and Melchior, 
2006b; Liu and Shuai, 2008). It was also observed that during development, SUMO 
components are differentially expressed. This regulation of expression was shown to be 
affected by signaling mechanisms like Ca2+ signaling, cAMP and progesterone signaling 
(Jones et al., 2006; Deyrieux et al., 2007). During stress conditions like hypoxia, the 
expression of SUMO1 and RESUME (a SUMOylation enhancer protein) were promoted 
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(Comerford et al., 2003; Carbia-Nagashima and Arzt, 2004). Elevated expression of 
human E2 enzyme UBC9 was observed under a number of human malignancies (Baek, 
2006). However, the transcription factors involved in the regulation of SUMOylation 
components during stress or development have not been identified (Liu and Shuai, 2008). 
 
(2) By employing cross-talk with other post-translational modifications 
The lysine residue to which the SUMO protein is added, can also be modified by other 
post-translational modifications, including acetylation, methylation and ubiquitination, 
which provide opportunity for regulatory cross-talk between different pathways (Bossis 
and Melchior, 2006b). SUMOylation and acetylation were recognized as competing 
mechanisms in some proteins such as Sp3, p300, (Sapetschnig et al., 2002; Bouras et al., 
2005). Antagonism was observed between SUMOylation and ubiquitination in proteins 
like IkBa, PCNA, where SUMOylation protects the proteins from ubiquitin mediated 
protein degradation (Desterro et al., 1998; Watts, 2006). Phosphorylation may serve both 
as a positive and a negative signal for SUMOylation. In some proteins, a phosphorylation 
dependent SUMOylation motif, called PDSM (YKXEXXSP), was identified downstream 
from the core SUMOylation motif which promotes SUMOylation by imparting a 
negative charge (Hietakangas et al., 2006). In some proteins, phosphorylation promotes 
SUMOylation independent of PDSM. Phosphorylation of proteins like p53, ELK-1, c-Jun 
and c-Fos reduces their capability of being SUMOylated (Muller et al., 2000; Yang et al., 
2003; Lin et al., 2004; Bossis et al., 2005). 
 
(3) By regulating the enzyme activity of proteins involved in SUMOylation 
SUMOylation can be regulated in a more global way by directly targeting the basic 
conjugation or deconjugation machineries (Bossis and Melchior, 2006b).  In contrast to 
the ubiquitin pathway, there is only a single E2 protein in the SUMOylation pathway, 
whose regulation can lead to a global response, as illustrated for Ubc9 activity by H2O2 
(Bossis and Melchior, 2006b; Guo et al., 2007). During viral infection, expression of viral 
proteins like Gam1 in cells leads to a drastic decrease in cellular SUMO conjugates as a 
result of the disappearance of SUMO E1 and E2 enzymes (Boggio et al., 2004; Boggio et 
al., 2007). As SUMOylation globally represses signal transduction and gene expression, 
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the virus promotes the transcription capacity of the cell, facilitating its own propagation 
(Boggio and Chiocca, 2005). Similarly, stress conditions like heat shock, osmotic and 
high oxidative stress (H2O2), enhance global SUMOylation in mammals, plants and yeast 
(Saitoh and Hinchey, 2000).  Conversely, reductions in global SUMOylation levels can 
be seen when low doses of H2O2 cause the formation of reversible disulfide bond 
formation between the catalytic cystine of the E1 subunit Uba2 and the E2 Ubc9 (Bossis 
and Melchior, 2006a).  
 
(4) By regulating the recruitment of E3 ligases 
Since regulation of the E2 conjugating enzyme results in global changes in 
SUMOylation, E3 ligases were proposed to be the focal points for regulation that leads to 
control of SUMOylation of individual substrates (Muller et al., 2004; Guo et al., 2007). 
E3 ligase recruitment to individual target proteins can be affected by post-translational 
modifications. DNA-damaging agents cause phosphorylation of PC2- type E3 ligases, 
which enhance its ligase activity towards its substrate (Roscic et al., 2006). Genotoxic 
stress induces the recruitment of PIASy E3 ligase to its target protein NEMO (Mabb et 
al., 2006). SUMO conjugation can be fine-tuned by regulating the sub-cellular 
localization of SUMO E3 ligases (Bossis and Melchior, 2006b). 
 
Effects of SUMOylation at the molecular level 
At a molecular level, SUMOylation alters protein functions by masking and/or adding 
interaction surfaces, or by inducing conformational changes that result in altered 
interactions. As a consequence, a wide variety of downstream affects have been 
observed, including changes in localization, enzymatic activity, or stability (Geiss-
Friedlander and Melchior, 2007). 
 
Effects on transcription factor activity 
SUMOylation was mainly implicated in transcriptional repression, however recent 
studies indicate that it also plays a role in the activation of transcription (Muller et al., 
2004; Geiss-Friedlander and Melchior, 2007; Zhao, 2007a). SUMOylation mediates 
repression by enhancing the repression activity of repressors or co-repressors. Sometimes 
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SUMOylation associates with the suppression of the function of the transcription 
activators or co-activators (Verger et al., 2003; Zhao, 2007a). SUMOylation can also 
affect the DNA binding capability of transcription factors, thereby affecting transcription 
as observed for the heat-shock transcription factor, HSF1 (Goodson et al., 2001). The 
effect of SUMOylation on protein-protein interactions of transcription factors with other 
activators or repressors could also lead to the activation or repression of transcription 
(Gill, 2003; Geiss-Friedlander and Melchior, 2007; Zhao, 2007a). SUMOylation also 
affects the enzymatic activities of proteins regulating gene expression such as DNA 
methyl transferases, histone deacetylases, histone acetyl transferases (Zhao, 2007a).  In 
addition, histones, the core components of chromatin, also undergo SUMOylation, which 
resulting in the general repression of transcription (Iniguez-Lluhi, 2006; Nathan et al., 
2006).  
 
Effect on protein localization 
The SUMOylation system was implicated in nucleo-cytoplasmic protein transport 
because RanGAP1, a GTPase activating protein for the nucleocytoplasmic transport 
protein Ran, was the first substrate for SUMOylation to be discovered. Unmodified 
RanGAP is cytoplasmic, whereas SUMO modified RanGAP is associated with the 
nuclear pore complex and strongly interacts with RanBP2, a SUMO E3 ligase (Matunis et 
al., 1996; Mahajan et al., 1997; Matunis et al., 1998). It was later observed that several 
substrates like FAK, Caspase-7 and caspase-8 localized to the nucleus upon their 
modification by SUMOylation (Zhao, 2007a)). The observation that fusing SUMO to a 
target protein resulted in its localization in the nucleus further strengthening the idea that 
SUMO serves as a nuclear signal (Huang et al., 2003). SUMOylation was also implicated 
in sub-nuclear localization of proteins to nuclear foci like PML bodies. SUMOylation of 
PML protein is essential for its localization to PML bodies and the integrity of PML 
bodies. Many other SUMO-modified proteins have also been found in PML nuclear 
bodies including transcription factors, chromatin modifiers, proteins involved in genomic 
maintenance, SUMO E3 ligases and SUMO-specific proteases have also been found in 
PML nuclear bodies (Zhong et al., 2000; Sachdev et al., 2001; Best et al., 2002; Gill, 
2004; Zhao, 2007a). These observations indicate that SUMO modification mediates 
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protein-protein interactions, which are important for the integrity of PML bodies. In fact, 
in some of the PML body associated proteins, a SUMO Binding Motif/SUMO Interaction 
Motif (SBM/SIM) was identified and further supports the role of SUMO in mediating 
protein-protein interactions (Minty et al., 2000; Hardeland et al., 2002; Lin et al., 2002). 
In addition, several proteins involved in SUMOylation such as E3 ligases (Nup358, 
RanBP2), E2 conjugation enzymes (Ubc9) and SUMO proteases (SENP2) were shown to 
be associated with the nuclear pore complex. This implies that proteins may be 
SUMOylated as they enter the nucleus, which may play a role in retention of these 
proteins in the nucleus (Matunis et al., 1998; Hang and Dasso, 2002; Zhang et al., 2002; 
Melchior et al., 2003). However, for some proteins like LEF1 and sp100, SUMO 
modification does not alter their localization (Sternsdorf et al., 1999; Sachdev et al., 
2001). SUMOylation has also been implicated in promoting the nuclear export of 
proteins like Dictyostelium MEK1 (dMEK1) (Sobko et al., 2002). SUMOylation of DRP1 
protein leads to its recruitment from cytosol to the mitochondrial outer membrane 
(Harder et al., 2004).  
 
SUMO modification and the control of genome integrity 
SUMO-1 mutants of yeast exhibited defects in chromosomal segregation and aberrant 
mitosis (Meluh and Koshland, 1995). Other SUMOylation components like E2 
conjugating enzyme, E3 ligating enzymes and SUMO isopeptidases were also implicated 
in chromosomal segregation (Zhao, 2007a). SUMOylation of substrates like 
topoisomerase II (Top2) and Psds5 is important for chromatid cohesion (Bachant et al., 
2002; Stead et al., 2003). Cenp-C is a target of SUMO1 and that plays a key role for 
mitotic progression at centromeres (Chung et al., 2004). SUMOylation was also 
implicated in the maintenance and recruitment of proteins to the kinetochore. 
SUMOylated RanGAP1 is targeted to both the microtubule spindle and kinetochores to 
guide their attachment during mitosis in He-La cells (Joseph et al., 2002; Joseph et al., 
2004). In addition the SUMOylation of DNA repair proteins like PCNA, thymidine DNA 
glycosylase (TDG), RAD51/RAD52, and Smc5/6 was shown to affect their activity and 




Effect on protein interactions 
SUMOylation can either promote or hinder protein-protein interactions. For example, 
SUMOylation of target proteins like RanGAP1, PCNA, p300 facilitates association with 
their interactors RanBP2, DNA helicase Srs2 and HDAC6, respectively (Mahajan et al., 
1997; Matunis et al., 1998; Girdwood et al., 2003; Papouli et al., 2005). SUMOylation 
inhibits interaction of the proteins like ZNF6, E2-25k with their interactors (Zheng and 
Yang, 2004; Pichler et al., 2005). SUMOylation of proteins like RanGAP1, E2-25K and 
ETS1 do not influence the structure of either the SUMOylated target or of the SUMO 
modifier itself. Therefore, the loss or gain of interactions may result from simple masking 
or the addition of binding sites (Geiss-Friedlander and Melchior, 2007). SUMOylation of 
thymine DNA glycosylase (TDG) induces a conformational change in TDG, which 
ultimately results in a loss of DNA binding (Hardeland et al., 2002; Baba et al., 2005). 
Frequently, SUMO itself contributes to the association of target protein with a 
downstream effector. In proteins like PML, Daxx105, p73, a short motif was identified 
that interacts non-covalently with SUMO and is termed the SIM/SBM (SUMO 
interacting motif or SUMO binding motif) (Minty et al., 2000; Song et al., 2004; Hecker 
et al., 2006; Lin et al., 2006). The SIM/SBM motif plays an important role in the integrity 
of PML bodies (Shen et al., 2006) and contributes to the enzyme function for SUMO 
cascade components like UBA2, PIAS E3 ligases and RanBP2 (Song et al., 2004; 
Reverter and Lima, 2005). Recently, a family of ubiquitin ligases with SIM/SBM was 
identified to interact specifically with SUMO conjugated proteins and target them for 
proteasomal degradation. This indicated an indirect role for SUMoylation in protein 
degradation (Prudden et al., 2007; Sun et al., 2007; Uzunova et al., 2007).  
 
Effect on other post-translational modifications 
The SUMOylation of some proteins like IκBα, Smad4, Huntington, PCNA, and Rad52 
prevents their degradation by ubiquitination (Desterro et al., 1998; Lin et al., 2003; 
Steffan et al., 2004; Papouli et al., 2005; Sacher et al., 2006). In some proteins, a single 
lysine residue can be either SUMOylated or ubiquitinated to prevent or promote 
proteasome-mediated protein degradation, respectively. In other proteins, even though the 
SUMOylation and ubiquitination sites may differ, these modifications still antagonize 
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each other (Gill, 2004; Zhao, 2007a). Acetylation and SUMOylation play opposite roles 
on some proteins. SUMOylation was observed to prevent acetylation and promote 
deacetylation (Muller et al., 2001; Zhao, 2007a). For example, it was observed that 
acetylation or SUMOylation compete same lysine residues on histone proteins. 
Acetylation of histones promotes gene transcription, whereas SUMOylation represses 
gene expression (Shiio and Eisenman, 2003; Nathan et al., 2006). Several transcriptional 
factors like MEF2 PLAG1/PLAGL2, NF-IL6b and ELK-1 are cross-regulated by 
SUMOylation and acetylation/deacetylation (Zhao, 2007a). Unlike ubiquitination and 
acetylation, SUMOylation and phosphorylation can have a positive or negative influence 
on each other. Phosphorylation inhibits the SUMOylation of proteins like IκBα and AIB1 
(Desterro et al., 1998; Wu et al., 2006). However, phosphorylation of many substrates 
like MEF2C, MEF2D and HSF1 facilitates their SUMOylation (Hietakangas et al., 2003; 
Gregoire et al., 2006; Kang et al., 2006). In some proteins, a phospho-sumoyl switch, or 
PDSM (phosphorylation dependent sumoylation motif, yKxExxS/T) is observed, which 
facilitates SUMOylation (Hietakangas et al., 2006; Yang et al., 2006).  
Extensive studies on the SUMOylation system in different model organisms have 
indicated a critical role in development. SUMOylation has also been implicated in 
various stress responses including in plants. However, compared to yeasts and animals, 
very few SUMOylation target proteins have been identified in plants limiting our 
knowledge regarding the molecular effects of SUMOylation. Even though SUMOylation 
has been implicated in plant development and stress responses, it is not known how the 
SUMOylation system is regulated. In this study, we identified plant CSPs as targets for 
SUMO modification and monitored the SUMO pathway transcript levels in rice during 








Chapter 1: Functional characterization of two cold shock domain 
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Two novel rice cold shock domain (CSD) proteins were cloned and characterized under 
different stress treatments and during various stages of development. OsCSP1 and 
OsCSP2 (Oryza sativa CSD protein) encode putative proteins consisting of an N-terminal 
CSD and glycine-rich regions that are interspersed by 4 and 2 CX2CX4HX4C (CCHC) 
retroviral-like zinc fingers, respectively. In vivo functional analysis confirmed that 
OsCSPs can complement a cold-sensitive bacterial strain which lacks four endogenous 
cold shock proteins. In vitro ssDNA binding assays determined that recombinant OsCSPs 
are capable of functioning as nucleic acid-binding proteins. Both OsCSP transcripts are 
transiently up-regulated in response to low-temperature stress and rapidly return to a 
basal level of gene expression. Protein blot analysis determined that OsCSPs are 
maintained at a constant level subsequent to a cold treatment lasting over a period of 
several days. Both the transcript and protein data are in sharp contrast to those previously 
obtained for winter wheat WCSP1. A time-course study through various stages of rice 
development confirmed that both OsCSP proteins and transcripts are highly accumulated 



















The adaptation of plants to low-temperature stress is a very important physiological 
factor affecting their geographical distribution and overall productivity in various 
climates. Within the plant kingdom, plants' ability to tolerate low-temperature stress is 
highly variable. Some plant species can acquire tolerance to low temperature subsequent 
to a period of exposure to low but non-freezing temperatures, a process which is termed 
cold acclimation. Within monocots, rice and wheat are two representative genera 
exhibiting clear differences in their tolerance to low-temperature stress. Winter wheat 
acclimates to low temperatures and can survive exposure to freezing temperatures, 
whereas rice is unable to acclimate. Although substantial progress has been made towards 
understanding the molecular mechanisms which govern cold acclimation in plants 
(Thomashow, 1999; Viswanathan and Zhu, 2002; Xiong et al., 2002; Chinnusamy et al., 
2006; Zhu et al., 2007), the entire mechanism is not completely understood. Therefore, it 
is of great interest to resolve the disparity between tolerant and sensitive species in an 
effort to decipher critical components of cold acclimation that have not yet been 
identified. 
CSPs are well-conserved nucleic acid-binding proteins that play a critical role for 
the adaptation of bacteria to low-temperature stress. The function of CSPs during low-
temperature stress has been extensively studied in prokaryotes; however, this relationship 
is poorly understood in eukaryotes and plants. Bacterial CSPs are small (67–73 amino 
acids) and consist of a single nucleic acid-binding CSD, which contains two consensus 
RNA-binding motifs (RNP1 and RNP2) (Landsman, 1992; Schindelin et al., 1993; 
Manival et al., 2001). Within the nine-member Escherichia coli Csp protein family, four 
members are induced upon low-temperature stress with the predominant CspA 
accumulating up to 10% of the total soluble protein fraction (Goldstein et al., 1990; Lee 
et al., 1994; Nakashima et al., 1996; Wang et al., 1999). When a quadruple deletion of 
CSPs was created in an E. coli strain (BX04), these cells acquired sensitivity to low-
temperature downshifts (Xia et al., 2001). Bacterial CSPs function as transcription 
antiterminators and RNA chaperones under low-temperature stress (Jiang et al., 1997; 
Hanna and Liu, 1998; Bae et al., 2000; Phadtare et al., 2002). 
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In higher eukaryotes, such as vertebrates, CSD proteins have been commonly 
referred to as 'Y-box' proteins (Didier et al., 1988). Unlike bacterial CSPs, Y-box proteins 
contain various auxiliary C-terminal domains in addition to an N-terminal CSD. Y-box 
proteins play various roles in DNA metabolism, transcription and translation, and may 
promote DNA recombination and repair (Ise et al., 1999; Skabkin et al., 2001; Gaudreault 
et al., 2004). By acting as a transcription factor, YB-1 affects gene expression either 
positively or negatively of many important cellular genes. Concomitant with 
transcription, YB-1 associates with mRNA and affects alternative splicing in the nucleus 
(Chansky et al., 2001; Stickeler et al., 2001) and translation in the cytoplasm (Minich and 
Ovchinnikov, 1992). Collectively, these extensive studies have demonstrated that CSD 
proteins from higher eukaryotes perform diverse functions. However, the functional 
relationship of CSD proteins to low-temperature stress in eukaryotes is not clear. To our 
knowledge, only one report has demonstrated that chicken YB-1 is important for cellular 
growth under reduced temperatures (Matsumoto et al., 2005). 
A novel form of eukaryotic CSD proteins was identified in plants and was 
described to contain two separate nucleic acid-binding modules: a single N-terminal CSD 
and a variable number of C-terminal retroviral-like CCHC type zinc fingers (Kingsley 
and Palis, 1994). In a subsequent study, plant CSD proteins were shown to be highly 
conserved among various plant genera (Karlson et al., 2003). The first functional 
analyses for a plant CSD protein were performed with WCSP1 from winter wheat. 
WCSP1 accumulates in response to low-temperature stress and exhibits nucleic acid-
binding activity (Karlson et al., 2002). Subsequent experiments in Arabidopsis, which is 
also capable of cold acclimation, confirmed that its CSD proteins differentially respond 
to low-temperature stress on a transcript level (Karlson and Imai, 2003; Fusaro et al., 
2007; Kim et al., 2007). It was recently shown that plant CSD proteins possess similar in 
vitro and in vivo functions to those of bacterial CSD proteins (Nakaminami et al., 2006; 
Kim et al., 2007). However, the precise function of plant CSD proteins has not yet been 
identified in relation to low-temperature stress in planta. 
Apart from their role in cold adaptation, CSD proteins are also implicated in 
various aspects of development in different model systems. In the quadruple deletion 
mutant strain (BX04) of E. coli, cell division defects were observed and cells became 
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elongated under cold stress (Xia et al., 2001; Kim et al., 2007). In mice, a knock-out for 
YB-1 resulted in embryo lethality (Lu et al., 2005; Uchiumi et al., 2006). A reduction of 
MSY2 levels in mouse oocytes results in reduced fertility (Yu et al., 2004). Another CSD 
protein (Lin28) from the Caenorhabditis elegans controls developmental transitions 
during early stages (Moss et al., 1997). 
In plants, an Arabidopsis CSD protein (AtGRP2) was recently proposed to play 
an important role in plant development. Suppression of the AtGRP2 gene resulted in 
various developmental abnormalities with respect to flowering time, apical dominance 
and seed development. The transcripts of this gene were highly expressed in meristematic 
areas where rapid cell divisions occur (Fusaro et al., 2007). It was suggested that this 
protein might function in the regulation of specific mRNAs during development. Despite 
this advance, the functional role of CSD proteins in plant development is poorly 
understood. To understand the collective function of plant CSD proteins in the adaptation 
to low-temperature stress and during development in a crop plant, we initiated the first 
functional analysis of CSD proteins from rice. In the present study, I describe the in vitro 
and in vivo functions of OsCSPs. To further understand the putative role of these proteins 
in the functional context of plants, expression studies were conducted under various 
stress treatments and during different stages of development on both the gene and protein 
level. 
 
MATERIALS AND METHODS 
Plant material and stress treatments 
Rice seeds of the Japonica cultivar Yukihikari were initially surface sterilized with three 
separate 5 min washes with 96% ethyl alcohol. The seeds were subsequently treated with 
1.5% sodium hypochlorite for 30 min. Following the sodium hypochlorite treatment, the 
seeds were washed thoroughly with water to remove excess sodium hypochlorite. The 
seeds were then imbibed with water for 3 d at 25°C in a growth chamber under 
continuous light conditions. Germinated seeds were spread evenly atop a mesh grid and 
placed above a plastic container filled with tap water. The seedlings were maintained in a 
growth chamber for one week at 25°C. The seedlings were subsequently transferred to a 
4°C chamber containing pre-cooled water. For gene expression studies, tissues were 
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collected over a 24 h time period. For protein expression studies, tissues were collected 
over a 10 d period of cold treatment. A recovery sample was also collected 2 d after the 
samples were returned to a normal growth temperature (25°C). For studying the effects of 
salt and abscisic acid (ABA) on transcript levels, 1 week seedlings were transferred to 
250 mM NaCl solution and 50 µM ABA solution, respectively. Tissue was collected over 
24 h time period subsequent to the transfer. For imposing a drought stress, water was 
removed from the container. Excess water was wicked away from seedling roots with a 
paper towel. Tissue samples were taken over a time period of 24 h subsequent to the 
removal of water. 
 
Plant material and developmental series 
For developmental expression studies, seeds were surface sterilized as described earlier 
and germinated for 3 d in a 25°C growth chamber under continuous light conditions. At 
this stage, radicles, hypocotyls and seeds were separated from germinating seeds and 
used for the extraction of proteins. The remaining seeds were sown in pots and grown in 
a glasshouse at West Virginia University (April–July 2006). Growing media and fertilizer 
compositions were prepared as previously described 
(http://ricelab.plbr.cornell.edu/docs/CONDITIONS_FOR_GROWING_RICE.doc). 
Briefly, soil medium was prepared from peat, vermiculite, lime and Peters Unimix PlusIII 
(Scotts, Marysville, OH, USA). The plants were irrigated daily from the top of the soil 
surface, and pots were fertilized with Peters water-soluble fertilizer (N.P.K-15.16.17) 
once a week. Iron supplementation was provided every other week. After booting, the 
plants were only watered with fertilizer which lacked iron. For the collection of tissue, 
seedlings were removed from soil at the first-week stage. Roots were thoroughly washed 
with tap water and aerial tissues were collected separately. At this time point, all aerial 
tissues were considered as shoots and were collectively harvested. After 1 month of 
growth during the tillering stage, roots, crowns and leaves were collected separately. At 
this stage, stem tissue refers to the 0.5–1.0 cm region just above the crown tissue. Similar 
tissue profiling was performed during the panicle development stage where the majority 
of tillers contained panicles of different sizes. Panicles were grouped into four categories 
based upon length as follows: <2, 2–5, 5–10 and >10 cm. Flowers were collected from 
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mature panicles before and after the opening of flowers. Seeds were collected at the milk 
and dough stages. All of the tissues were frozen in liquid nitrogen and stored at −80°C 
until further use for RNA and protein extractions. 
 
Recombinant protein production/purification and ssDNA binding assay 
The complete open reading frames of OsCSP1 and OsCSP2 were cloned in-frame into 
the pET43.1a vector for an N-terminal fusion to NusA protein and a C-terminal 6X His-
tag. In-frame 5'EcoRI sites were added with the following primers for OsCSP1 and 
OsCSP2, respectively: 5'-TCTGAATTCATGGCGTCGGAGAGGGTG-3', 5'-
TCTGAATTCATGGCGGCGGCGGCGAGG-3'. XhoI sites were incorporated 
immediately after the last codon and facilitated an in-frame C-terminal fusion to a 6X 
His-tag. The respective primers for adding XhoI to OsCSP1 and OsCSP2 were as follows: 
5'-TCTCTCGAGGTAGGTCT TGCTGGGGCAC-3', 5'-TCTCTCGAGCTTGTGGCAG 
TCGCGGGC-3'. WCSP1 was similarly cloned by adding 5'BamHI and 3'XhoI sites. PCR 
products were amplified with Takara La-Taq with GC-buffer II and subsequently purified 
with a Qiagen PCR clean-up kit (Qiagen, Valencia, CA, USA). Purified PCR products 
were digested overnight with EcoRI and XhoI, and ligated into a pre-digested pET-43.1a 
vector. Constructs were confirmed for sequence integrity and transformed into BL21-
DE3 cells (Novagen, Madison, WI, USA) for the production of recombinant proteins. 
The transformed colonies were grown in Luria–Bertani (LB)–carbenicillin liquid medium 
until the OD600 reached 0.6, and recombinant proteins were induced by adding isopropyl 
β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Cultures were 
subsequently grown for an additional 3 h at 37 °C. Cells were pelleted and resuspended 
in BugBuster Protein Extraction Reagent (Novagen) with the addition of benzonase 
nuclease (Novagen) according to the supplier's instructions. Soluble proteins were 
collected from the supernatant fraction after spinning at 20,000 g for 20 min in a 
refrigerated centrifuge. Soluble fractions were applied to Ni-NTA matrix beads and 
purified by a batch method. Recombinant fusion proteins were eluted from the columns 
according to the supplier's instructions (Qiagen). Eluates were applied to Centricon YM-3 
(Millipore, Billerica, MA, USA) spin columns for buffer exchange with 3 volumes of ice-
cold 50 mM NaPO4 buffer. Samples were subsequently quantified by using Bradford 
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assay reagent (Bio-Rad, Hercules, CA, USA). The purity of the recovered proteins was 
assessed with sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS–PAGE) 
according to standard procedures. Nucleic acid-binding analyses to ssDNA were 
performed as previously described (Karlson et al., 2002), with the exception that proteins 
were applied at a lower concentration range of 10–100 pM. NusA protein, which was also 
tagged with a 6X His-tag, was purified and applied at the highest concentration (100 pM) 
to serve as a negative control for the ssDNA binding assay. 
 
Complementation assay 
The coding regions for OsCSP1 and OsCSP2 were cloned in-frame into an inducible 
pINIII vector by adding N-terminal NdeI sites with the following primers, respectively, 
5'-TCTCATATGGCGGCGGCGGCGAGGCATCGGGGG-3' and 5'-
TCTCATATGGCGTCGGAGAGGGTGAAGGGGACG-3'. C-terminal EcoRI sites were 
created by PCR amplification from primers 5'-TCTGAATTCTCACTT 
GTGGCAGTCGCGGGCGAT-3' and 5'-TCTGAATTCC 
TAGTAGGTCTTGCTGGGGCACTC-3' for OsCSP1 and OsCSP2, respectively. WCSP1 
was similarly cloned by adding 5'NdeI and 3'EcoRI sites. Constructs were confirmed for 
the correct translational frame and for sequence integrity. Plasmids were subsequently 
transformed into BX04 cells for the in vitro complementation assay as previously 
described (Nakaminami et al., 2006). In brief, two colonies for each construct were 
grown in LB–carbenicillin liquid medium until an OD600 of 1.4 was reached. The 
samples were then diluted to an OD of 0.1 and were further diluted 100 times for spotting 
on two replica LB–carbenicillin plates that were supplemented with IPTG. A control 
plate was grown overnight at 37°C, and the additional plate was incubated at 15°C for 
observation of bacterial growth over a period of 7 d. 
 
Gene expression analyses 
Low-temperature stress treatments were performed in a hydroponic setting as previously 
described (Karlson et al., 2002). Briefly, seedlings were harvested prior to and 1, 2, 6, 12 
and 24 h subsequent to the initiation of stress treatments. For cold treatment, additional 
time points were included within the first 2 h. Total RNA was isolated from rice root and 
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shoot tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the 
supplier's instructions. One microgram of isolated total RNA was converted into cDNA 
by application of the QuantiTect reverse transcription kit (Qiagen). The prepared cDNA 
was diluted 100 times and used as a template for qRT-PCR or semiquantitative reverse 
transcription PCR (RT-PCR). Triplicate qRT-PCR reactions were performed on all 
diluted cDNA samples with a Bio-Rad iCycler with the iQ SYBR Green Supermix (Bio-
Rad) by applying standard cycle temperatures. Primers were designed to amplify a 150-
bp region from the 3'UTR regions of OsCSP1 and OsCSP2. The primer pairs were 5'-
CTGCTCGTGTGATGATGCTT-3' and 5'-CTTTTTCATCTCG GGGAAAC-3' for 
OsCSP1 and 5'-GCGGGTGATCAGTTCTATCTT-3' and 5'-
GTCTCTCAAACCGACCCAAC-3' for OsCSP2,. The 18SrRNA gene was used as a 
housekeeping gene for the normalization of qRT-PCR reactions. The following primer 
pair selectively amplified 18SrRNA as a 150 bp product: 5'-AAGACGAA 
CAACTGCGAAAG-3' and 5'-GGCGGAGTCCTATAA GCAAC-3'. qRT-PCR results 
were analyzed using the relative standard curve method. 
For semiquantitative RT-PCR, a different set of primers was used to amplify a 
larger 300 bp product. The primer sequences were as follows: 5'-ACCATCTCCCCCCCC 
CCTCC-3' and 5'-CTTTTTCATCTCGGGGAAAC-3' for OsCSP1 and 5'-
TGCTACAACTGCGGCGAGACCGGCC-3' and 
5'ATTTTCTTCTCGGTTCATAATAGAT-3' for OsCSP2, respectively. The identical 
primer set for 18SrRNA was used for semiquantitative RT-PCR. 
 
Plant protein extraction and Western blotting 
Rice tissues that had been harvested during different developmental stages were ground 
with liquid nitrogen and subsequently boiled for 5 min with SDS–PAGE sample buffer. 
The extracted total proteins were centrifuged at 14 000 rpm for 5 min to remove plant 
debris. The isolated proteins were quantified by applying a modified Bradford protein 
assay as previously described (Karlson and Imai, 2003). Fifteen micrograms of each 
sample was separated by SDS–PAGE and subsequently transferred to nitrocellulose 
membranes for western blot analysis. Anti-WCSP polyclonal antibodies (1:1000) and 
alkaline phosphatase conjugated anti-rabbit secondary antibodies (1:3000) were used for 
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DNA sequence analysis 
Full-length clones were PCR amplified from isolated cDNA template and found to 
contain sequences identical to those described from the rice genomic database. In this 
report, I have subsequently named the two rice CSD protein homologs OsCSP1 
(Os02g0121100) and OsCSP2 (Os08g0129200). Complete bidirectional sequence 
analysis determined that the open reading frames for OsCSP1 and OsCSP2 contain 726 
bp and 594 bp, and encode putative 22.7 and 18.7 kDa glycine-rich proteins, respectively. 
Both rice homologs contain N-terminal CSDs and glycine-rich regions that are 
interspersed with four and two carboxy-terminal CCHC-type zinc fingers for OsCSP1 
and OsCSP2, respectively (Fig. 1-1). Putative translated products of OsCSP1 and 
OsCSP2 contain 37% glycine and 40% glycine residues, respectively. Hydropathy plot 
analyses revealed that both OsCSP1 and OsCSP2 are predominantly hydrophilic (not 
shown). 
 
OsCSPs exhibit nucleic acid-binding activity 
The nucleic acid-binding activity of CSD proteins is a critical component of their in vivo 
functional roles. Thus, I tested if rice CSD proteins are also capable of functioning as 
nucleic acid-binding proteins. For this purpose, recombinant OsCSP1 and OsCSP2 
proteins were produced as fusions to an N-terminal NusA tag and a C-terminal 6X His-
tag. Because NusA is extremely soluble, this tag enhanced the capacity for our 
recombinant OsCSP proteins to become enriched in the soluble protein fraction. Highly 
purified recombinant proteins were visualized as single bands with SDS–PAGE analysis 
(Fig. 1-2a). Equally loaded recombinant proteins were added to 150 ng of M13mp8 
ssDNA at increasing concentrations. NusA protein was employed as a negative control 
and was added at the highest concentration (100 pM). The migration of DNA was clearly 
retarded when increasing concentrations of OsCSP1 and OsCSP2 were added to the 
reaction mixture. Conversely, when purified NusA protein was applied at the highest 
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concentration, no evidence of DNA gel shifting was detected (Fig. 1-2b). These data 
confirmed that OsCSPs are capable of binding nucleic acids. 
 
OsCSPs complement a cold-sensitive E. coli mutant 
To determine if OsCSPs are capable of functioning in a similar fashion to their 
prokaryotic counterparts in vivo, I performed a functional complementation study using 
the BX04 mutant which contains a quadruple deletion of four endogenous CSPs. OsCSPs 
were cloned into the IPTG-inducible pINIII expression vector. Cloned constructs were 
verified for sequence integrity and were subsequently transformed into BX04 competent 
cells. All transformants, including negative (pINIII empty vector) and positive controls 
(CspA, WCSP1), clearly grew at 37°C (Fig. 1-3). However, when transformants were 
exposed to prolonged low temperature (15°C), only cells transformed with OsCSPs and 
the positive controls of CspA and WCSP1 exhibited growth (Fig. 1-3). 
Response of OsCSPs to low-temperature stress 
To study the effect of low-temperature stress on OsCSP expression, rice seedlings were 
treated with 4°C, and the response of OsCSPs was characterized at the transcript and 
protein level by applying qRT-PCR and western blotting, respectively. qRT-PCR 
analyses revealed that OsCSPs gene transcripts are present in both roots and shoots under 
normal growth conditions. Upon treatment with low temperature, the accumulation of 
mRNA of OsCSPs in root (Fig. 1-4a) and shoot tissues (Fig. 1-4c) is marginally and 
transiently increased. This transient increase peaks approximately 30 min and 1 h after 
the transfer to low temperatures in root and shoot tissues, respectively. Usage of a 
positive control cold-responsive gene (OsLIP19) (Wen et al., 2002) confirmed that our 
experimental conditions were properly executed for both roots (Fig. 1-4b) and shoots 







Response of OsCSPs to various abiotic stresses 
In addition to low-temperature stress, I was interested to characterize the response of 
OsCSPs to a variety of abiotic stresses. OsCSP expression patterns were determined after 
rice plants were treated with drought, salt and ABA (Fig. 1-5). Similar to expression 
under cold stress, a transient and marginal increase of OsCSPs was also noted in the root 
tissue, when treated with drought and ABA. A very slight increase was noted for OsCSP1 
when treated with salt stress. No distinguishable response patterns were observed for 
OsCSPs in shoot tissue during drought and salt stress. Both OsCSPs appear to respond 
transiently in shoot tissue when exposed to exogenous ABA. Usage of a stress-responsive 
positive control gene Os01g0348900 (jacalin-related lectin domain containing protein) 
(Rabbani et al., 2003) confirmed that all of our treatments were properly executed (data 
not shown). 
 
OsCSPs are detected with WCSP1 polyclonal antibody 
A polyclonal antibody was generated against the CSD region of WCSP1 in the laboratory 
of Dr. Ryozo Imai. Prior to performing any western blot analyses with rice total protein 
extracts, I confirmed whether this antibody could effectively recognize both OsCSP1 and 
OsCSP2. Recombinant NusA::OsCSP fusion proteins were spotted onto a nitrocellulose 
membrane. In addition, recombinant NusA::WCSP1 and NusA proteins were spotted as 
positive and negative controls, respectively. The membrane was stained with Ponceau S 
to confirm equal concentration of spotted proteins (Fig. 1-6a). The dot blot assay revealed 
that both OsCSPs are recognizable by the anti-WCSP1 antibody (Fig. 1-6b). The detected 
signal was greatest from the spotted WCSP1 protein, and the level of detection for 
OsCSP1 was at relatively comparable level. However, the OsCSP2 protein was 
recognized at a comparatively lower level. The negative control NusA protein was not 
recognized by this antibody, indicating that the antibody was specific to CSD proteins 
(Fig. 1-6b). Similar results were obtained when the recombinant proteins were run on an 
SDS–PAGE gel and subjected to western blot analysis (Fig. 1-6c). After confirming that 
this antibody could detect both OsCSPs, I proceeded with western blot analyses of 




Response of OsCSP proteins to low-temperature stress 
Western blot analysis of total protein extracts harvested from rice crown tissue did not 
reveal any accumulation of OsCSPs over the 10 d period of the low-temperature 
treatment (Fig. 1-7). These data were in sharp contrast to those previously reported for 
winter wheat WCSP1. When exposed to low-temperature stress, WCSP1 protein exhibits 
a dramatic accumulation during a low-temperature treatment (Karlson et al., 2002). 
 
Developmental expression patterns of OsCSP proteins 
To determine if OsCSPs are developmentally regulated, total protein extracts were 
prepared from various tissues during different developmental stages and subjected to 
western blot analysis with the WCSP1 polyclonal antibody. OsCSPs exhibited a clear 
trend for accumulation in reproductive tissues such as panicles, flowers and seeds. 
OsCSPs accumulate during panicle development and appear to decrease once panicles are 
greater than 10 cm in length (Fig. 1-8). In flowers and seeds, OsCSP1 is highly expressed 
and appears to decrease with the progression of maturity. Although the relative level is 
less, OsCSP2 is also detected during the reproductive stage as well. During the early 
vegetative stages, OsCSPs accumulated in tissues which contain an abundance of actively 
dividing cells like radicles, hypocotyls and crown tissue (Fig. 1-8). To provide an 
additional level of correlation to the developmental pattern of OsCSP protein 
accumulation, I monitored the expression of OsCSPs with semiquantitative RT-PCR. The 
expression data were in good accordance with the western blot data. In comparison to a 
vegetative flag leaf, OsCSP transcripts were enriched in the reproductive tissues like 
panicles, flowers and seeds (Fig. 1-9). 
 
DISCUSSION 
Bacterial CSPs are highly induced during cold shock response and are critical for the 
adaptation of bacterial cells to cold stress (Xia et al., 2001). The important function of 
CSPs is based on their RNA chaperone activity which destabilizes the secondary 
structures that form during cold exposure (Bae et al., 2000; Phadtare et al., 2002). CSD 
proteins are present in almost all living organisms from bacteria to higher vertebrates and 
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plants. In plants, winter wheat and Arabidopsis CSD proteins were recently implicated to 
play a role in cold adaptation because they are capable of performing similar in vivo and 
in vitro functions as bacterial CSPs (Nakaminami et al., 2006). However, the function 
and their respective modes of action for these proteins have not been well studied in 
planta. 
CSD proteins are induced under cold stress conditions in plants that are capable of 
cold acclimation, such as winter wheat and Arabidopsis (Karlson et al., 2002; Karlson 
and Imai, 2003). These correlative data provide evidence suggesting that plant CSD 
proteins may play an important role during cold acclimation. Many tropical and 
subtropical plants are highly susceptible to low-temperature stress and cannot undergo 
cold acclimation. To gain a better understanding of the potential role of plant CSD 
proteins during cold acclimation, I functionally characterized CSD proteins from rice, an 
agriculturally important crop, which cannot acclimate to low temperatures. This 
comparative analysis enabled us to begin to assess the potential significance of the low-
temperature regulation of CSD proteins during cold acclimation. 
Rice contains two unique CSD genes located on chromosomes 2 (OsCSP1; 
Os02g0121100) and 8 (OsCSP2; Os08g0129200). Similar to other plant CSD proteins, 
OsCSPs contain three distinct domains: an N-terminal CSD and a glycine-rich domain 
that was interspersed with CCHC type retroviral-like zinc finger domains. Within the 
CSD region, OsCSP1 and OsCSP2 are 68% identical to each other. Both are 
approximately 48% identical to bacterial CspA. This similarity reflects the highly 
conserved nature of the CSD as previously reported (Karlson and Imai, 2003). The two 
rice CSPs differ in their C-terminal domains with OsCSP1 containing four zinc fingers 
and OsCSP2 containing two zinc fingers (Fig. 1-1). This combination of two different 
DNA binding modules, the CSD and zinc fingers, has been widely noted in plant CSD 
proteins (Kingsley and Palis, 1994; Karlson and Imai, 2003). A similar modular structure 
with an N-terminal CSD and C-terminal CCHC zinc fingers was identified in a CSD 
protein from C. elegans (LIN-28), which was found to be critical for developmental 
timing (Moss et al., 1997). 
The CSD, which possesses two consensus RNA-binding motifs (RNP1 and 
RNP2) was identified as a universal nucleic acid-binding module that is capable of 
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binding to RNA, ssDNA and dsDNA (Landsman, 1992; Manival et al., 2001). In 
addition, CCHC zinc fingers are also known to bind to ssDNA and RNA (Gorelick et al., 
1988; Rajavashisth et al., 1989; Roussell and Bennett, 1993; Dannull et al., 1994; 
Espinosa et al., 2003). The presence of CSDs and zinc fingers in both OsCSPs suggests 
that they are functional nucleic acid-binding proteins. The ability to bind to nucleic acids 
was previously demonstrated for the cold-inducible CSD proteins from winter wheat and 
Arabidopsis (Karlson et al., 2002; Fusaro et al., 2007; Kim et al., 2007). A systematic 
deletion analysis of WCSP1 confirmed that the CSD is sufficient for binding to ssDNA 
and RNA, and that both C-terminal zinc fingers were necessary for dsDNA binding 
activity (Karlson et al., 2002). In the present study, I employed a gel shift assay using 
ssM13mp8 DNA to determine whether rice CSD proteins also possess nucleic acid-
binding activity. This in vitro assay confirmed that both OsCSP1 and OsCSP2 can bind to 
ssDNA with apparent non-specificity (Fig. 1-2b). Slight differences in the pattern of the 
gel shift are likely attributed to the difference in size for the OSCSP1 and OsCSP2 
proteins. 
To further understand the functions of rice CSD proteins, I utilized a bacterial-
based in vivo functional complementation system. The BX04 mutant E. coli strain lacks 
four CSPs and is impaired for growth under low temperatures. CSD proteins from winter 
wheat and Arabidopsis can complement this mutant phenotype (Nakaminami et al., 2006; 
Kim et al., 2007). I confirmed that rice CSD proteins also possess a similar ability to 
promote growth of the BX04 mutant under low temperature (Fig. 1-3). The 
complementation assays using plant CSD proteins support the notion that plant CSD 
proteins may also function as RNA chaperones, similar to bacterial CSPs, during cold 
stress. Collectively, these in vitro and in vivo functional assays indicated that rice CSD 
proteins are capable of functioning in a similar fashion to those of winter wheat and 
Arabidopsis. 
To begin to understand the potential role of OsCSPs with respect to low-
temperature stress on a whole-plant level, I treated the rice plants with chilling 
temperatures (4°C) and monitored the expression of OsCSPs at both the transcript and 
protein levels. Both OsCSP1 and OsCSP2 transcripts accumulated marginally in root and 
shoot tissues during a 24 h time period. This transient response occurred much more 
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rapidly in roots (Fig. 1-4a). The expression profiles for OsCSPs were dramatically 
different from those previously observed for winter wheat and Arabidopsis. In both of 
these systems, transcripts steadily increase upon cold treatment over a much longer time 
course period (Karlson et al., 2002; Karlson and Imai, 2003; Fusaro et al., 2007; Kim et 
al., 2007). 
For our next line of investigation, I evaluated the protein levels of rice CSD 
proteins subsequent to low-temperature stress and compared these to previously obtained 
data from winter wheat. I initially performed a dot blot assay to confirm whether the anti-
WCSP1 polyclonal antibody could detect both OsCSPs. Both rice proteins were 
detectable with the antibody; however, OsCSP2 was recognized to a lesser extent (Fig. 1-
6). Therefore, western blot data obtained from rice total protein extracts may not reflect 
the true relative level of OsCSP2. Subsequent to a prolonged low-temperature stress, both 
CSPs remained at constant levels for the duration of the 10 d stress treatment (Fig. 1-7). 
Conversely, in winter wheat, WCSP1 was previously shown to steadily accumulate 
throughout the duration of the 47 d cold treatment period (Karlson et al., 2002). Although 
our aforementioned in vitro and in vivo studies confirmed that rice CSD proteins are 
capable of functioning similarly to winter wheat and Arabidopsis CSPs, the response of 
OsCSPs to low-temperature stress, however, is in sharp contrast to both Arabidopsis and 
winter wheat, which are capable of cold acclimation. Because rice is susceptible to 
chilling temperatures (Hahn and Walbot, 1989; Kazemitabar et al., 2003), these 
correlative data support the notion that plant CSD proteins might be involved in the cold 
acclimation response to low-temperature stress. Future functional studies are warranted 
and necessary to understand their in planta functional role with respect to low-
temperature stress. 
In addition to providing a critical function during low-temperature stress, several 
bacterial and animal CSD proteins play various important developmental roles. To 
determine whether rice CSD proteins may play a role in development and if they are 
differentially expressed in different tissues during various developmental stages, I 
monitored OsCSP protein and transcript levels throughout the entire length of the rice 
plant life cycle. Rice CSD proteins showed highest accumulation in developing panicle 
tissues and were also accumulated in flowers and seeds. From a viewpoint of low-
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temperature stress, this accumulation pattern is interesting because the reproductive stage 
of rice is most sensitive to low-temperature exposure (Imin et al., 2004). In addition to 
reproductive tissues, OsCSPs accumulated at higher levels in the tissues with active 
meristems such as hypocotyls, radicals and crown tissue (Fig. 1-8). These data are also 
supported by the study where OsCSP2 was identified as one of the 16 highly abundant 
proteins that are accumulated in the panicle (Dooki et al., 2006). Similar to the expression 
of rice CSPs, an Arabidopsis CSD protein (AtGRP2; At4g38680) is highly expressed in 
apical meristems, ovules, embryos and seeds (Fusaro et al., 2007). When AtGRP2 is 
down-regulated, it results in many developmental abnormalities with respect to flowering 
time, stamen number and seed development (Fusaro et al., 2007). These data indicate that 
plant CSD proteins may also play an important role in various aspects of plant 
development (Fusaro et al., 2007). However, at the present time, a clear understanding for 
the molecular mode of action for plant CSD proteins has not been elucidated in higher 
plants. 
Several vertebrate Y-box proteins play important roles during development by 
effecting the translation of certain transcripts through RNA masking. For example, 
several Y-box proteins like Xenopus FRGY2 and mouse MSY1 and MSY2 form the 
major components of translationally inactive mRNPs, which are stored throughout 
gametogenesis (Murray et al., 1991; Gu et al., 1998). The stored mRNAs eventually 
become translationally active during embryogenesis, which coincides with the massive 
degradation of stored germinal Y-box proteins (Wolffe et al., 1992; Sommerville, 1999). 
In vitro RNA-binding studies suggest that YB-1 exerts a dual effect on translation, 
stimulating it at a low YB-1/mRNA ratio, while completely suppressing it at a higher 
YB-1/mRNA ratio (Minich and Ovchinnikov, 1992). 
A CSD protein from the green alga Chlamydomonas reinhardtii was recently 
shown to affect the expression of LHCBM mRNA through a mechanism bearing 
similarity to the RNA masking activity of FRGY2 (Mussgnug et al., 2005). It is therefore 
reasonable to consider that plant CSPs may function in the stabilization of certain 
mRNAs during various developmental stages, thereby effecting plant development. In 
addition, Y-box proteins also act as transcription factors by binding to the Y-box 
sequence (inverted CCAAT motifs in a special surrounding), which is present in 
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promoter and enhancer regions. By binding to such sequences, YB-1 either positively or 
negatively regulates the transcription of many genes (Swamynathan et al., 1998; Kohno 
et al., 2003; Skabkin et al., 2006), including some viral genes and growth factor genes, 
and genes involved in cell division, apoptosis, the immune response, multiple drug 
resistance, stress responses and regulation of tumor growth (Skabkin et al., 2006). Further 
studies are necessary to establish the functional role of plant CSD proteins in both plant 
development and the adaptation to low-temperature stress.  
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Figure 1-1. Domain architecture for rice CSPs. Both OsCSPs contain an N-terminal CSD 
and a C-terminal glycine-rich region, which is interspersed with a variable quantity of 









Figure 1-2. ssDNA binding activity of OsCSPs. Recombinant proteins were expressed as 
N-terminal NusA and C-terminal His tag fusion proteins, and purified from soluble 
fractions using a Ni-NTA spin column. Affinity-purified fusion proteins were applied to 
ssDNA binding assays. (a) Sodium dodecyl sulphate–polyacrylamide gel electrophoresis 
(SDS–PAGE) gel showing the highly induced recombinant proteins in the soluble 
fractions and the affinity-purified proteins. (b) Nucleic acid-binding assay with M13mp8 
ssDNA and purified OsCSP proteins. Increasing concentrations of both OsCSP1 and 
OsCSP2 resulted in retardation of mobility of ssDNA in the gel. When added at the 














Figure 1-3. Rice CSPs complement cold-sensitive phenotype of bacteria. The BX04 
strain of Escherichia coli is a quadruple mutant lacking four endogenous CSPs. Rice and 
wheat CSPs were cloned into an inducible pINIII vector and transformed into BX04 cells 
and observed for growth. When grown at 37 °C overnight, all of the colonies, including 
the cells transformed with the empty vector, grew normally and formed visible colonies. 
When the cells were grown at 15 °C, only the cells that were transformed with empty 














Figure 1-4. Expression of OsCSPs upon treatment with low-temperature stress. qRT-
PCR was employed to study the expression of OsCSPs, in which the 18SrRNA gene was 
used as an internal control for normalization. (a) Relative expression levels of OsCSP 
transcripts in root tissue. Note the transient and marginal increase in mRNA of OsCSPs 
and eventual down-regulation. (b) Relative expression of OsCSP1 and OsCSP2 genes 
under low-temperature stress (4°C) in root tissue along with the positive control low 
temperature-induced gene (OsLIP19). Note the very low levels of OsCSP transcripts with 
respect to the abundantly accumulating transcripts of OsLIP19. (c) Relative expression of 
OsCSPs in the shoot tissue upon cold treatment. Note that the transient and slight 
increase in transcripts of OsCSPs was delayed when compared to their accumulation in 
root tissue. (d) Relative expression of OsCSPs in shoot compared to the positive control 
OsLIP19 gene. Note the very low levels of OsCSP transcripts with respect to the high 
level of mRNA from OsLIP19. In (a) and (c), black and grey bars represent OsCSP1 and 
OsCSP2, respectively. In the relative comparisons to OsLIP19 in (b) and (d), OsLIP19 is 






Figure 1-5. Effect of salt, drought and abscisic acid (ABA) stress treatments on the 
expression of OsCSP transcripts. Rice seedlings were grown for 1 week in a growth 
chamber at 25°C under continuous light in a hydroponic system. Seedlings were removed 
from water for drought stress, transferred into a 250 mM NaCl solution for salt stress or 
transferred into water containing 50 µM ABA. A transient increase was noted in the root 
tissue for both transcripts when treated with drought and ABA. During salt stress, only 
OsCSP1 mRNA is increased very marginally and transiently in the root tissue. In shoot 
tissue, with the exception of ABA treatment, no conclusive pattern of transcript 
expression was noted. ABA treatment resulted in transient increase followed by down-













Figure 1-6. Confirmation for the recognition of OsCSPs with the WCSP1 antibody. 
Recombinant fusion proteins were spotted onto nitrocellulose membrane at different 
concentrations and subjected to Western blot analysis with anti-WCSP1 polyclonal 
antibody. (a) Ponceau S-stained membrane to confirm equal loading of recombinant 
proteins (250 ng). (b) Antibody detection indicating the differential recognition for 
OsCSP1 and OsCSP2. (c) Western blot detection of sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS–PAGE)-separated NusA::OsCSP fusion 
proteins (1 µg). Note that OsCSP1 is recognized at similar levels to that of WCSP1; 






















Figure 1-7. Western blot analysis of OsCSP protein expression under low-temperature 
stress. Rice seedlings were grown for 1 week at 25°C under continuous light and were 
then exposed to prolonged low-temperature stress at 4°C. Total proteins were isolated 
from rice crown tissue and subjected to western blotting using the anti-WCSP1 
polyclonal antibody. Note that OsCSPs protein do not accumulate during the low-


























Figure 1-8. Western blot analysis of OsCSP protein expression during rice development. 
Seeds were germinated in a growth chamber and then grown in a glasshouse until 
maturity. Tissues were collected at different stages of plant development, and total 
proteins were isolated and subjected to western blot analysis. Fifteen micrograms of total 
proteins was separated by sodium dodecyl sulphate–polyacrylamide gel electrophoresis 
(SDS–PAGE) and transferred to a nitrocellulose membrane for western blot analysis. 
Note the high accumulation of OsCSPs in reproductive tissues and in hypocotyls, radicles 






















Figure 1-9. Developmental expression patterns of OsCSP transcripts in the reproductive 
tissues. Semiquantitative RT-PCR was performed on RNA isolated from different tissues 
obtained during rice reproductive development. Note that when compared to the 
vegetative flag leaf tissue, OsCSP transcripts are highly expressed in the reproductive 
















Chapter 2:  SUMOylation of plant cold shock domain proteins and its 





























In all eukaryotes, SUMOylation is a conserved type of reversible post-translational 
modification that involves the attachment of SUMO (Small Ubiquitin like Modifier) 
protein to specific lysine residues on the target protein. In humans and other animal 
model systems, a huge number of SUMOylation target proteins have been identified and 
the effects of this modification were characterized for many proteins. In plants, very few 
target proteins have been characterized as targets for SUMOylation. I determined the 
presence of SUMOylation motifs in plant cold shock domain proteins by using 
computational program SUMOplotTM. I experimentally demonstrate that cold shock 
domain proteins from plants undergo SUMOylation. Using the Arabidopsis cold shock 
domain protein (AtCSP1), I deciphered the critical lysine residue where SUMOylation 
occurs by utilizing a mutational approach. I also demonstrate that SUMOylation appears 






















Small Ubiquitin like Modifier (SUMO) protein can be attached covalently to target 
proteins in a reversible fashion. The SUMO protein is very similar to ubiquitin in protein 
size, tertiary structure and in containing a C-terminal diglycine motif (Bayer et al., 1998; 
Mayer et al., 1998; Melchior, 2000). SUMOylation, the process of attaching SUMO to 
the target protein, involves a series of similar enzymatic reactions as that of attaching 
ubiquitin (Melchior, 2000; Verger et al., 2003; Hilgarth et al., 2004; Miura et al., 2007a). 
Studies on several of the SUMOylation target proteins revealed a consensus 
SUMOylation motif ψKxE/D (where ψ is a large hydrophobic residue such as Val, Ile, 
Leu, Met, or Phe, and X is any residue) (Rodriguez et al., 2001; Sampson et al., 2001). 
Later, it was determined that a stretch of acidic amino acids downstream of the 
SUMOylation motif aid in SUMO E2 conjugation enzyme attachment, thus expanding 
the SUMO consensus site to the core ψKxE/D  motif and an acidic tail (Yang et al., 
2006). A phosphorylation-dependent SUMOylation motif (PDSM), was also observed in 
some proteins, which is composed of a SUMO consensus site followed by a proline-
directed phosphorylation site (CKXEXXSP), which facilitates cross-talk between the two 
post-translational modification processes (Hietakangas et al., 2006). 
Employing the genetic approaches in model systems like mice, C. elegans, yeast 
and Drosophila, it was shown that individual SUMOylation components are essential for 
normal cellular functions and the development of the organism (Melchior, 2000; Zhao, 
2007a). At the molecular level, the effects of SUMOylation on target proteins are quiet 
diverse. These effects were hypothesized to result from changes in protein-protein 
interactions  after  SUMOylation (Geiss-Friedlander and Melchior, 2007). The majority 
of the SUMOylation targets identified were nuclear proteins, indicating essential nuclear 
functions of SUMOylation (Seeler and Dejean, 2003). Many transcription factors were 
shown to undergo SUMO modification, which mainly leads to the repression of gene 
expression (Hilgarth et al., 2004; Johnson, 2004; Gill, 2005; Zhao, 2007a). Repression of 
gene expression results from enhancement of repression activity of repressors/co-
repressors and the suppression of activator functions of transcriptional activators/co-
activators (Gill, 2005; Lyst and Stancheva, 2007). However, some transcription activators 
were shown to be activated by SUMOylation, implicating a complex role for 
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SUMOylation in transcription (Lyst and Stancheva, 2007; Zhao, 2007a). Recently, it was 
shown that the building blocks of chromatin, histone proteins, can be SUMOylated which 
leads to a repression of gene expression (Shiio and Eisenman, 2003; Nathan et al., 2006). 
In addition, SUMOylation was also shown to affect the DNA binding capability of 
transcription factors like heat shock proteins (Anckar et al., 2006).  
Since the discovery of the first SUMOylation substrate, RanGAP1, SUMOylation 
was known to effect the localization of proteins. RanGAP1 is a GTPase activating protein 
for the nucleocytoplasmic transport protein Ran. SUMOylation is required for the 
localization of Ran to the nuclear pore complex and its interaction with RanBP2 (Matunis 
et al., 1996; Mahajan et al., 1997; Matunis et al., 1998). In addition, several enzymes of 
the SUMOylation pathway, such as E3 ligases (like Nup358, RanBP2), E2 conjugation 
enzyme (Ubc9) and SUMO protease (SENP2) were shown to be associated with the 
nuclear pore complex implicating that proteins may get SUMOylated as they enter into 
the nucleus, which may play a role in nuclear retention of these proteins (Matunis et al., 
1998; Hang and Dasso, 2002; Zhang et al., 2002; Melchior et al., 2003). SUMOylation of 
several proteins was shown to be essential for their import into the nucleus (Muller et al., 
2001; Pichler and Melchior, 2002; Zhao, 2007a). Within the nucleus, SUMOylation also 
facilitates protein localization to discrete nuclear structures like PML and TEL nuclear 
bodies (Sternsdorf et al., 1997; Bloch et al., 1999; Ishov et al., 1999; Zhong et al., 2000; 
Ishov et al., 2002; Fu et al., 2005). SUMOylation was also implicated in DNA repair as 
the DNA repair proteins like PCNA, thymidine DNA glycosylase (TDG) and 
RAD51/RAD52 undergo SUMOylation, which effects their activity (Hoege et al., 2002; 
Pastushok and Xiao, 2004; Watts, 2006). SUMOylation also plays important roles in  
maintaining the structure and integrity of the genome (Heun, 2007). 
Modification by SUMOylation of a large number of proteins from animal and 
yeast model systems has been described and the effects of SUMOylation on several of 
these proteins were deciphered at the molecular level (Seeler and Dejean, 2003; Zhao, 
2007a). In plants, very few proteins have been shown to undergo SUMO modification 
and little is known about the effects of SUMOylation on protein function, localization 
and stability. The examples of SUMOylation targets in plants include the master 
regulator of cold stress responses, the ICE1 protein. SUMOylation effects ICE1 protein 
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stability and ICE1-dependent transcription (Miura et al., 2007b). SUMOylation of PHR1, 
a transcription factor that functions in phosphate starvation responses, positively controls 
the expression of phosphate transporters (Miura et al., 2005). SUMOylation of the 
flowering regulator, FLD, results in inhibition of its ability to repress expression of FLC 
by reducing histone acetylation in FLC chromatin (Jin et al., 2007). SUMOylation of 
another substrate GTE3, a Bromodomain protein, prevented its histone H3 binding ability 
(Garcia-Dominguez et al., 2008). Recently, using tag-SUMO-expressing plants, several 
SUMO target proteins were identified by applying proteomic approaches. The majority of 
the proteins identified in this study are believed to associate with RNA/DNA dependent 
and chromatin related processes (Budhiraja et al., 2009). In spite of the limited 
knowledge about SUMOylation targets in plants, using SUMO pathway mutants, a role 
of SUMOylation in plant stress responses and development has been deciphered 
(Novatchkova et al., 2004; Miura et al., 2007a). SUMOylation was implicated in 
mediating plant responses under abiotic stress conditions like cold (Miura et al., 2007b), 
salt (Conti et al., 2008b), drought (Catala et al., 2007), heat (Kurepa et al., 2003; Yoo et 
al., 2006; Saracco et al., 2007) and phosphate starvation  (Miura et al., 2005). 
SUMOylation was also implicated in bacterial and viral pathogenesis (Roden et al., 2004; 
Lee et al., 2007). In addition, SUMOylation plays essential roles in plant development 
(Murtas et al., 2003; Catala et al., 2007; Jin et al., 2007; Saracco et al., 2007).  
Cold shock domain proteins are ancient universal nucleic acid binding proteins 
that are conserved from bacteria to animals and plants (Graumann and Marahiel, 1996; 
Graumann and Marahiel, 1998; Karlson and Imai, 2003). They are primarily implicated 
in cold stress tolerance in bacteria (Giuliodori et al., 2007; Horn et al., 2007). In higher 
vertebrates, cold shock domain proteins (referred as Y-Box binding (YB) proteins) 
function in transcription, translation, and DNA related processes like replication, repair, 
recombination etc. (Sommerville, 1999; Kohno et al., 2003; Skabkin et al., 2006). 
Vertebrate and invertebrate cold shock domain proteins were shown to be essential for 
proper development of the organism (Moss et al., 1997; Yu et al., 2004; Lu et al., 2005, 
2006; Uchiumi et al., 2006). In plants, cold shock domain proteins have been implicated 
in cold stress tolerance and development (Karlson et al., 2002; Karlson and Imai, 2003; 
Nakaminami et al., 2006; Fusaro et al., 2007; Kim et al., 2007; Sasaki et al., 2007; 
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Nakaminami et al., 2009). In vertebrates, the function of cold shock domain proteins has 
been shown to be regulated by post-translational modifications, such as phosphorylation, 
and SUMOylation (Sommerville and Ladomery, 1996; Coles et al., 2005; Sutherland et 
al., 2005; Evdokimova et al., 2006; Bono et al., 2007). In this study, I functionally 
characterized the SUMOylation motifs in both monocot and dicot cold shock domain 
proteins for the first time by in vitro assays. In addition to our confirmation of 
SUMOylation of plant CSPs, I also evaluated the effects of SUMOylation on cold shock 
domain protein localization.  
 
MATERIALS AND METHODS 
Identification of SUMOylation motifs in cold shock domain proteins 
The sequence for the Arabidopsis cold shock domain protein (AtCSP1) was obtained 
from TAIR (www.arabidopsis.org).  Rice protein sequences (OsCSPs) were obtained 
from Rice Annotation Project-Data Base (http://rapdb.dna.affrc.go.jp/). Sequences were 
scanned for SUMO signature motifs by employing the computational program 
SUMOplotTM (Abgent, San Diego, CA).  
 
Cloning and Creation of mutations 
For expression in bacteria, coding sequences of OsCSP1 and OsCSP2 were amplified 
from the constructs as previously described (Chaikam and Karlson, 2008) and cloned into 
the EcoR1 and Xho1 sites of pGEX-6p-3 (GE Healthcare, Piscataway, NJ) vector . The 
primers used for the cloning of OsCSP1 were:  
5’TCTGAATTCCATGGCGGCGGCGGCGAGGCATCG3’ and 
5’AGACTCGAGTCACTTGTGGCAGTCGCGGGCGAT3’.  For cloning OsCSP2, I 
used the following primers 5’ TCTGAATTCCATGGCGTCGGAGAGGGTGAAGGG3’ 
and 5’AGACTCGAGCTAGTAGGTCTTGCTGGGGCACTC3’. The AtCSP1-pGEX-6p-
3 construct was described before (Karlson et al., 2009 unpublished results). The lysine 
residues of the SUMO signature motifs in AtCSP1 protein sequence were converted to 
arginine by using PCR-based mutagenesis. AtCSP1 K83R and AtCSP1 K194R mutations 





The mutations were cloned into a 35s::sGFP(S65T) vector (Chiu et al., 1996; Niwa et al., 
1999) by using the forward and reverse primers 
5’TCTGTCGACATGGCTTCAGAGGATCAATCGGCGG3’, 
5’AGACCATGGTAGCTACAGAAGAACATTCCCTT3’. A double mutant construct 
encompassing the K83R & K194R mutations was also created using 35s::AtCSP1 K83R-
sGFP (S65T) plasmid as a PCR substrate and the K194R mutation primer. The mutant 
versions of the AtCSP1 gene were cloned into the pGEX-6p-3 vector by employing the 
following primers: 5’TCTGGATCCATGGCTTCAGAGGATCAATC3’and 
5’GTACTCGAGTTAAGCTACAGAAGAACATT3’.  
 
Recombinant Protein purification and in vitro SUMOylation assay 
Wild type and variant versions of AtCSP1 recombinant proteins, SUMOylation assays 
components (expression vectors kindly provided by Dr. H.P Stuible) were prepared as 
described earlier (Colby et al., 2006; Miura et al., 2007b; Miura et al., 2009). In vitro 
SUMOylation assays were performed as described earlier (Colby et al., 2006; Miura et 
al., 2007b; Miura et al., 2009). Immunoblot analysis was performed using anti-GST 
antibody (Bethyl Laboratories, Montgomery, TX) to detect GST tagged AtCSP1, its 
variants and SUMOylated products. 
 
Particle bombardment and confocal microscopy 
Onion epidermal peels were bombarded with tungsten particles of size 1.6 µm (Bio-Rad, 
Hercules, CA) using a particle bombardment system according to the manufacturer’s 
instructions (Bio-Rad, Hercules, CA). The cell layers were incubated on MS-agar plates 
in dark for 20 hours and observed under a Zeiss confocal microscope (Carl Zeiss Micro 
Imaging Inc. Thornwood, NY). 
 
RESULTS AND DISCUSSION 
SUMOylation motifs in cold shock domain proteins 
Most of the target proteins are SUMOylated on the lysine residue present in the motif Ψ-
K-x-D/E (where ψ is a large hydrophobic residue such as Val, Ile, Leu, Met, or Phe and x 
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is any residue) (Rodriguez et al., 2001; Sampson et al., 2001). In addition to the core 
motif, a stretch of acidic amino acids present downstream enhances the SUMOylation 
capability (Yang et al., 2006). To determine if plant cold shock domain proteins possess 
the SUMOylation core motif, I investigated rice and Arabidopsis CSP sequences with the 
SUMOplotTM computational program (Table 2-1).   SUMOplotTM predicted that both the 
rice cold shock domain proteins contain SUMOylation motifs that can be SUMOylated 
with a high probability (with a score of more than 0.75/1). Two SUMOylation motifs 
containing lysines at positions 40 and 79 were predicted for OsCSP1 protein with scores 
of 0.94 and 0.76, respectively. The downstream sequence of SUMOylation motif 
represented at lysine 40 contains two acidic amino acids, however, such residues were 
absent for the SUMOylation motif represented at lysine79. In addition, the core sequence 
of the SUMOylation motif at lysine 79 does contain the canonical Glu/Asp residue at the 
end of the motif, indicating that it may not be an ideal SUMOylation motif.  The OsCSP2 
protein has only one SUMOylation motif with a high score of 0.91. This motif contains 
all of the canonical amino acids along with the downstream acidic amino acids. Among 
the four Arabidopsis cold shock domain proteins, only the AtCSP1 (At4g36020) protein 
sequence was predicted to contain SUMOylation motifs with a high probability (score 
>0.75) (Table 2-1).  The AtCSP1 protein contains two SUMO signature motifs with 
target lysines placed at amino acid positions at 83 and 194 in core motif sequences LKKE 
(score-0.91) and VKGG (score-0.76), respectively. However, the motif represented by 
lysine at 194 position lacks the canonical Glu/Asp residues at the end of core motif, 
indicating that this motif may not be SUMOylated. 
 
 Rice cold shock domain proteins can be SUMOylated 
To determine if rice cold shock domain proteins can be SUMOylated, I performed an in 
vitro SUMOylation assay on GST fusion recombinant OsCSP1 and OsCSP2 proteins. 
When highly purified rice cold shock domain proteins (Fig. 2-1a) were incubated with 
SUMO protein in the presence of SUMOylation pathway enzymes, a higher molecular 
weight protein band was detected (Fig. 2-1b). This band was not present in mock 
reactions, which lack SUMOylation enzymes or the rice CSPs, indicating that the high 
molecular weight band is indeed a SUMOylated form of OsCSPs (Fig. 2-1b). These data 
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were in good accordance with the SUMOplotTM prediction that both rice CSPs can be 
SUMOylated with high probability. 
 
AtCSP1 protein can be SUMOylated at lysine 83 
To determine if Arabidopsis AtCSP1 protein can undergo SUMOylation, I performed a 
non radioactive in vitro SUMOylation assay using purified recombinant protein (Fig. 2-
2a). The initial assay with the wild type AtCSP1 protein revealed a higher molecular 
weight band only in the presence of all the SUMOylation enzymes, indicating that 
AtCSP1 undergoes SUMOylation (data not shown). Since the SUMOplot program 
predicted two core motifs with a high probability for SUMOylation, I wanted to 
determine if both motifs could be SUMOylated. For this purpose, I created mutations in 
the putative SUMOylation motifs by converting the SUMO acceptor lysines at 83 and 
184 positions to arginines. Wild-type and variant proteins were expressed in bacteria as 
recombinant GST fusion proteins and used for in vitro SUMOylation assays (Fig. 2-2a). 
When the reaction products were probed with a GST antibody on a western blot, a higher 
molecular weight band was detected in the reactions containing wild-type and K194R 
variant proteins. This band was absent in the reactions containing the AtCSP1 (K83R) or 
AtCSP1 (K83R& K194R) proteins. Also, this higher molecular weight protein band was 
not detected in mock reactions lacking AtCSP1 protein or SUMOylation enzymes (Fig. 
2-2b). These data indicate that the K83 residue is the critical residue for SUMOylation of 
the AtCSP1 protein.  
 
Mutation in the SUMOylation sequence appears to alter AtCSP1 protein localization 
One of the major effects of SUMOylation on target proteins is an alteration of protein 
localization. Hence, I wanted to determine if SUMOylation imparts such changes in the 
localization of plant cold shock domain proteins.  I cloned the wild type (WT) and double 
mutant (K83R&K194R) versions of AtCSP1 sequences in frame as a C-terminal fusion to 
sGFP(S65T), which is driven by the 35s promoter. These constructs were employed for 
transient expression assays in onion epidermal cells using a particle bombardment system 
(Fig. 2-3). The onion cells transformed with the 35s::sGFP(S65T) construct showed GFP 
signal in the nucleus, cytoplasm and the plasma membrane.  Cells transformed with the 
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35s::AtCSP1(WT)-sGFP(S65T) construct showed GFP signal only in the nucleus and the 
cell membrane. However, the cells transformed with the 35s:: AtCSP1(K83R&K194R)-
sGFP(S65T) construct showed GFP signal in the cytoplasm in addition to the nucleus and 
the plasma membrane. Based on the in vitro SUMOylation assay and localization 
experiments, it appears that the inability of AtCSP1 to undergo SUMOylation effects its 
protein localization. However, from these experiments it is not known if AtCSP1 
undergoes SUMOylation in the cytoplasm or in the nucleus or while entering into 
nucleus.  
Considering the wide platform for SUMOylation in different cellular 
compartments (Geiss-Friedlander and Melchior, 2007), SUMOylation of AtCSP1 might 
occur in any cellular vicinity. Depending on the location of AtCSP1 SUMOylation in the 
cell, two scenarios can be hypothesized to explain the alterations in protein localization 
among the wild type and double mutant AtCSP1 proteins.  In the first scenario, it is 
possible that the SUMOylation of AtCSP1 might affect AtCSP1 protein import into the 
nucleus. It is also possible that AtCSP1 get SUMOylated in the cytoplasm or while it 
enters the nucleus. For several proteins like Krüppel-like factor 5 (Du et al., 2008), Daxx 
(Chen et al., 2006), NFAT1 (Terui et al., 2004), and TEL (Wood et al., 2003) 
SUMOylation promotes their import into the nucleus. SUMOylation could also promote 
the nuclear import of wild-type AtCSP1 protein, so that the wild-type protein form 
primarily exists in the nucleus. In contrast, the double mutant, which cannot undergo 
SUMOylation, exists in the cytoplasm. However, if the nuclear localization of AtCSP1 
protein entirely depends on the SUMOylation, I would anticipate a complete loss of 
nuclear localization in the double mutant AtCSP1 protein. Since the nuclear localization 
of double mutant AtCSP1 was not completely lost (Fig. 2-3), there might be other factors 
regulating the nuclear localization of AtCSP1 in addition to SUMOylation. It is also 
possible that SUMOylation may enhance the import efficiency of AtCSP1 protein into 
the nucleus as hypothesized for other SUMOylated proteins (Pichler and Melchior, 
2002). This could potentially result in more efficient import of wild type AtCSP1 into the 
nucleus than the double mutant variant of AtCSP1. In the second scenario, SUMOylation 
might be occurring in the nucleus. Such nuclear SUMOylation was described for proteins 
such as p53, Lef1, c-Jun etc., whose modification is stimulated by intranuclear PIAS E3 
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ligases (Kahyo et al., 2001; Sachdev et al., 2001; Pichler and Melchior, 2002; Schmidt 
and Muller, 2002). SUMOylation of AtCSP1 in the nucleus might be influencing the 
retention of AtCSP1 in the nucleus, which may result from masking of the nuclear export 
signal or facilitating interaction with other proteins that prevent nuclear export as 
envisioned for other proteins (Melchior et al., 2003).  
In conclusion, I have determined that in silico prediction of SUMOylation with 
the SUMOplotTM program can function as an accurate predictor of SUMOylation status 
for plant cold shock domain proteins. Furthermore, I have incorporated site-directed 
mutagenesis to precisely confirm that a representative plant CSP is indeed SUMOylated 
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Table 2-1: SUMOplotTM prediction of SUMOylation sites in rice and Arabidopsis cold 
shock domain proteins. The core SUMOylation motif is indicated by red and the 













Figure 2-1: In vitro SUMOylation of rice cold shock domain proteins. (a) Purification of 
bacterially expressed GST-tagged recombinant rice cold shock domain proteins 
(OsCSPs). The abbreviations e1, e2, e3 and e4 represent different elutions from the 
purification column.  Note the band of highly purified OsCSP1 and OsCSP2. (b) In vitro 
SUMOylation assay. Recombinant OsCSPs were incubated with SUMOylation reaction 
components and the reaction products were subjected to western blot analysis with an 









Figure 2-2: Arabidopsis cold shock domain protein AtCSP1 undergoes SUMO 
modification on lysine 83. (a) Expression and purification of wild-type and mutant 
versions of AtCSP1 protein. GST-tagged wild-type and mutant versions of AtCSP1 were 
highly induced in the soluble fraction, and were purified on glutathione sepharose 
column. (b) in vitro SUMOylation assay. Wild-type and mutant AtCSP1 proteins were 
incubated with the SUMOylation cycle components. The reaction products were 




















Figure 2-3: Mutation in SUMOylation motifs of AtCSP1 protein effects its localization. 
Wild-type and double mutant sequences were cloned in frame with C-terminal 
sGFP(S65T) and are driven by the 35S promoter. The constructs were bombarded into 
onion epidermal cells and visualized with confocal microscopy. The left panel represents 
the GFP fluorescence images and the right panel represents the GFP fluorescence and 







Chapter 3: Response and transcriptional regulation of rice             






























Modification of proteins by the reversible covalent addition of small ubiquitin like 
modifier (SUMO) protein has important consequences affecting target protein stability, 
sub-cellular localization, and protein-protein interactions. SUMOylation involves a 
cascade of enzymatic reactions which resembles the process of ubiquitination. In 
Arabidopsis, SUMOylation affects plant development and its ability to survive under a 
variety of abiotic stress conditions. However, regulation of the SUMOylation system 
during stress and development is not well understood in plants. In this study, I 
characterized the SUMOylation system from an important crop plant, rice, and show that 
it responds to cold, salt and ABA stress conditions on a protein level via the accumulation 
of SUMOylated proteins. I also characterized the transcriptional regulation of individual 
SUMOylation cascade components during stress. Majority of the SUMO component 
genes were decreased in their transcript abundance under stress conditions. However, the 
transcript abundance of OsSIZ2, an E3 ligase, is increased in response to all the stress 
conditions, suggesting that it has a role in SUMO conjugate accumulation. During plant 
development, SUMO conjugates accumulate highly in panicles, developing seeds, crown 
and stem tissues. At transcriptional level, SUMO component genes are highly expressed 
in reproductive tissues like young panicles and milk seed. Taken together, these data 
















Post-translational modifications of proteins through the reversible covalent attachment of 
small proteins like ubiquitin and ubiquitin-like modifiers have critical effects on protein 
stability and biological activities. Small ubiquitin-like modifier (SUMO) proteins possess 
a similar 3-dimensional structure as that of ubiquitin but only show ~ 18% identity at the 
amino acid level and have an additional ~15 N-terminal amino acids. Ubiquitination and 
SUMOylation of target proteins occurs via a cascade of similar enzymatic reactions 
including the sequential action of E1 enzymes for SUMO activation, E2 enzymes for 
conjugation and E3 enzymes for ligation. In spite of the structural and mechanistic 
similarities, ubiquitination and SUMOylation have very different biological 
consequences. Ubiquitination mostly associates with the proteasomal degradation of 
target proteins, whereas SUMOylation has various effects on target protein localization, 
stability, transcription factor activity, interactions with other proteins, other post-
translational modifications and effects on chromatin structure (Muller et al., 2001; 
Nathan et al., 2003; Verger et al., 2003; Hilgarth et al., 2004; Miura et al., 2007a; Zhao, 
2007b). 
All of the SUMOylation system components are present in plant genomes and 
some have been characterized on a biochemical and genetic level in Arabidopsis (Kurepa 
et al., 2003; Lois et al., 2003; Novatchkova et al., 2004; Chosed et al., 2006; Colby et al., 
2006; Miura et al., 2007a) where  they are essential for plant development (Murtas et al., 
2003; Catala et al., 2007; Saracco et al., 2007; Jin et al., 2008). During abiotic stress 
conditions, the SUMOylation system affects plant survival via the accumulation of 
SUMO conjugates (Kurepa et al., 2003; Downes and Vierstra, 2005; Yoo et al., 2006; 
Catala et al., 2007; Miura et al., 2007b; Saracco et al., 2007; Conti et al., 2008a). 
SUMOylation also modulates ABA signaling (Lois et al., 2003), mediates bacterial 
resistance (Lee et al., 2007) and is involved in viral pathogenesis (Castillo et al., 2004; 
Roden et al., 2004). Even though the effects of SUMOylation are well understood at a 
molecular and whole organism level, the regulation of the SUMOylation system in plants 
remains poorly understood. SUMOylation can be regulated at four levels: (1) by altering 
the gene expression of SUMO cascade components; (2) by regulating the enzyme activity 
of proteins involved in SUMOylation;  (3) by regulating the recruitment of E3 ligases; 
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and, (4) by employing cross talk with other post-translational modifications (Bossis and 
Melchior, 2006b; Liu and Shuai, 2008). In this study, I report the first comprehensive 
sequence analysis and transcriptional regulation of all SUMO component genes in the 
economically important monocot rice model system. I also show that during plant 
development SUMO conjugates accumulate at higher levels in actively growing tissues 
and that the SUMOylation system responds to stress conditions via the accumulation of 
SUMO conjugated proteins.  
 
MATERIALS AND METHODS 
Sequence analysis 
Rice SUMOylation system components have been previously identified (Miura et al., 
2007a). In this study, I obtained sequences for individual components from the Rice 
Annotation Project Database (RAP-DB) (http://rapdb.dna.affrc.go.jp/). Known 
protein/DNA sequences were used as search queries to BLAST against rice sequence 
databases to determine if the rice genome encodes additional SUMO, E1, E2 and E3 
proteins. I was unable to identify any additional sequences through our database 
searching. Arabidopsis sequences were obtained from TAIR 
(http://www.arabidopsis.org), and human and yeast sequences were obtained from the 
NCBI database. Sequences were aligned using ClustalW (Larkin et al., 2007) and were 
searched for conserved domains using the Pfam database (Finn et al., 2008). Percentage 
identity among sequences was determined by application of the Vector NTI® Software 
(Invitrogen, Carlsbad, CA). 
 
Plant materials and cDNA preparation 
Rice seed sterilization, growth conditions in either growth chambers or glasshouses, 
stress treatments, RNA isolation and cDNA preparation were performed as previously 
described (Chaikam and Karlson, 2008).  
 
Real-time PCR analysis 
Primers were designed using 3’UTR sequences for SUMO, E1, E2 and E3 genes to 
amplify 210 bp regions (Table 3-2). 18SrRNA was employed as a control gene for 
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normalization and gene specific primers were designed as previously described (Chaikam 
and Karlson, 2008). All of the genes were initially amplified using young panicle cDNA 
as the template with GoTaq® Flexi DNA Polymerase (Promega, Madison, WI) and 
cloned into pGEMT-easy vector to generate standard curves. Plasmids were quantified 
using a NanoDropND-1000 (NanoDrop, Wilmington, DE) and the number of copies was 
calculated based on molecular mass. Absolute standard curves were prepared using 
SYBR® Green (Applied Biosystems, Foster City, CA) based upon the quantification of 
plasmid serial dilutions.  Absolute quantities were calculated in each sample for 18SrRNA 
and all SUMO cascade genes. For the developmental series expression analysis, 
normalized values (*106) were shown as relative expression. For each stress treatment, 
fold change was calculated by calibrating the relative expression for each time point with 
the relative expression of the time zero sample. 
 
Western blots 
Proteins were isolated and quantified as previously described (Chaikam and Karlson, 
2008). The only exception was the inclusion of 2 mM N-ethylmaleimide into the SDS 
loading buffer (Lois et al., 2003) to prevent de-SUMOylation during protein isolation and 
further storage. For stress treatments, 15 µg of total proteins were subjected to SDS-
PAGE and transferred to nitrocellulose membranes according to standard protocols. For 
developmental SUMOylation profiles, 25 µg of total protein was applied for western blot 
analysis. Membranes were probed with AtSUMO1 primary antibody (Kurepa et al., 
2003) (Abcam, Cambridge, MA) followed by incubation with an HRP conjugated 
secondary anti-rabbit antibody. Western blots were developed on CL-XPosure X-ray film 
(Pierce, Rockford, IL) by employing the SuperSignal West Pico chemiluminescent 
substrate (Pierce, Rockford, IL). 
 
RESULTS AND DISCUSSION 
Sequence analysis 
All of the SUMO cascade component gene sequences were analyzed by aligning the rice 
sequences with Arabidopsis, human and yeast sequences. I identified the important 
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domains in each set of proteins and documented critical residues. The sequence analysis 
results were discussed below for individual components. 
 
SUMO genes 
The rice genome encodes three SUMO genes: OsSUMO1 (Os01g0918300), OsSUMO2 
(Os01g0918200) and OsSUMO3 (Os07g0574500) (Miura et al., 2007a). On the amino 
acid level, OsSUMO1 and OsSUMO2 are highly homologous with 89% identity to each 
other.  They also share more than 80% identity to AtSUMO1 and AtSUMO2 at the amino 
acid level (Table 3-1a). OsSUMO3 showed less than 40% identity with other plant, yeast 
and human SUMO proteins. In contrast to some Arabidopsis SUMO proteins, which do 
not have C-terminal diglycine motifs and are believed to be non-functional pseudogenes 
(Kurepa et al., 2003), the three rice SUMO proteins contain the C-terminal diglycine 
motif.  This C-terminal motif is the site where SUMO proteases can act to produce 
mature SUMO forms (Fig. 3-1).  
 
SUMO activation enzyme (E1) genes 
The SUMOylation pathway contains two E1 enzymes, named SAE1 and SAE2, which 
mutually stabilize each other (Boggio et al., 2007) and together form a functional 
heterodimer. Arabidopsis contains two SAE1 genes (SAE1a, SAE1b), whereas rice 
contains a single SAE1 gene (OsSAE1a) encoded by locus Os11g0497000 (Miura et al., 
2007a). OsSAE1a shows 60% identity with both Arabidopsis SAE1 proteins (Table 3-
1b). OsSAE1a, which is similar to SAE1 proteins from other organisms, possesses a 
single N-terminal ThiF domain (Fig. 3-2), which participates in the adenylation of SUMO 
proteins (Tang et al., 2008) 
Similar to other studied organisms, the rice genome contains a single SAE2 gene 
(OsSAE2; Os07g0586500) (Miura et al., 2007a) with OsSAE2 showing 79% identity 
with AtSAE2 at amino acid level (Table 3-1c). Similar to other SAE2 enzymes, OsSAE2 
contains three highly conserved domains:  an N-terminal ThiF domain containing a Gly-
X-Gly-X-X-Gly ATP binding domain, followed by an enzyme active site with a catalytic 
cysteine and a C-terminal ubiquitin fold domain (Fig. 3-3). The catalytic cysteine, where 
activated SUMO forms a thioester bond, is located at amino acid position 173 in 
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OsSAE2. The ThiF domain functions in the adenylation of SUMO protein and the 
ubiquitin-like domain (Ubl) is important for the interaction and recruitment of E2 
enzymes (Tang et al., 2008) 
 
 SUMO conjugation enzyme (E2) genes 
Among all of the SUMO cascade components, E2 enzymes are very conserved from 
yeast to plants and animals with a high level of amino acid identity. Unlike Arabidopsis, 
which contains a single E2 gene, rice contains three E2 enzymes genes: OsSCE1a, 
OsSCE1b and OsSCE1c (Miura et al., 2007a).  OsSCE1a and OsSCE1b proteins are very 
closely related to AtSCE1a with 89% and 86% identity, respectively. On the other hand, 
OsSCE1c shows less than 60% identity with other rice and Arabidopsis E2 proteins 
(Table 3-1d).  OsSCE3 lacks nearly 33 amino acids at its N-terminus and has an extra 11 
amino acids at its C-terminus (Fig. 3-4). When studying the alignment of E2 enzymes 
from plants, yeast and humans, a highly conserved region with an αβββββ(ββ)ααα 
superfold, resembling that of ubiquitin conjugation domain, was observed with a 
conserved cysteine in the catalytic groove (Tang et al., 2008). 
 
 SUMO ligation enzyme (E3) genes 
SUMO E3 ligases facilitate the transfer of SUMO protein onto substrates and play an 
important role in determining substrate specificity (Weissman, 2001; Palvimo, 2007) and 
modulate the SUMO attachment to target proteins (Melchior et al., 2003; Hilgarth et al., 
2004). Unlike other SUMO components, E3 ligases are more diverse from yeast to 
animals and plants. Four types of E3 ligases were identified: PIAS (Protein inhibitor of 
activated STAT), PC2 (Poly comb), RAN-BP (Ran-binding protein) and NSE2/MMS21 
(non-SMC element/Methyl methanosulfonate sensitive) (Hilgarth et al., 2004; Hay, 2005; 
Miura et al., 2007a)).  Since only PIAS-type E3 ligases were functionally identified in 
plants, I focused our sequence and expression analysis on PIAS-type E3 ligases in rice. In 
contrast to Arabidopsis, which contains a single PIAS-type E3 ligase, two PIAS-type E3 
ligase genes were identified in rice (OsSIZ1; Os05g0125000 and OsSIZ2; 
Os03g0719100) (Miura et al., 2007a). In plant PIAS proteins, three domains can be 
identified: an N-terminal SAP domain  (Scaffold attachment factor-A/B/Acinus/PIAS) 
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followed by a plant homeodomain (PhD-finger), and a putative C2HC3 RING-type zinc 
binding region called a MIZ/SP-ring zinc finger domain (SIZ/PIAS ring) (Fig. 3-5). Plant 
PIAS-type E3 ligase proteins share a high degree of sequence homology among each 
other, while exhibiting little sequence homology with those of yeast and human 
sequences except in the regions of SAP and SP-Ring domains. The SAP-domain is 
characteristic of many chromatin associated proteins, which is involved in sequence or 
structure specific DNA binding (Aravind and Koonin, 2000; Okubo et al., 2004; Palvimo, 
2007). The C4HC3 PHD finger domain is specific to plant PIAS proteins and is 
associated with ligase function, as well as interaction with E2 enzymes (Garcia-
Dominguez et al., 2008). The SP-ring domain, which is similar to the RING finger found 
in RING ubiquitin ligases, lacks two conserved cysteine residues and is important for 
interaction with E2 enzymes and ligase activity (Hochstrasser, 2001; Hay, 2005). It was 
recently shown that both PHD finger and SP-ring domains are required for SUMOylation 
of an Arabidopsis bromodomain protein by AtSIZ1 (Garcia-Dominguez et al., 2008) 
 
Developmental changes in SUMOylation levels and expression of SUMOylation 
cascade components 
To study the changes in sumoylation profiles during development, I isolated total proteins 
from various tissues during different rice development stages and subjected them to 
western blot using a polyclonal antibody developed against the AtSUMO1 protein (Fig. 
3-6a). OsSUMO1 and OsSUMO2 proteins show high homology to AtSUMO1 with 89% 
and 84% identity at the amino acid level, respectively. Since the AtSUMO1 antibody was 
suggested to cross react with the AtSUMO2 protein (Kurepa et al., 2003), which has 87% 
amino acid identity with that of AtSUMO1, I hypothesized that the anti-AtSUMO1 
antibody could recognize rice SUMO conjugates. Using Arabidopsis crude extracts for 
western blot analysis, the anti-AtSUMO1 antibody recognized an abundant 14 kDa 
species in Arabidopsis which likely represents AtSUMO1/2 species (Kurepa et al., 2003). 
Similarly, the AtSUMO1 antibody recognized an abundant 14 kDa species in rice which 
likely represents OsSUMO1/OsSUMO2 species (Fig. 3-6a). In addition, high levels of 
high molecular weight SUMOylated proteins accumulated in large amounts in tissues like 
crown, stem and panicle which correlate with active growth and development. The lowest 
73 
 
amount of SUMO conjugates, along with a low amount of free SUMO protein, was 
observed in leaf and dough seed tissues. In roots, stems and milk seed tissues, moderate 
amounts of SUMOylated proteins were found. These data indicate that SUMOylation of 
proteins may have a specialized function in actively growing tissues. These observations 
are further supported by the proven role of SUMOylation and its components in plant 
growth and development at a functional level in Arabidopsis (Murtas et al., 2003; Catala 
et al., 2007; Saracco et al., 2007; Jin et al., 2008). 
To understand the role of individual SUMO cascade components and their 
regulation during development, I studied accumulation of mRNA for individual genes 
within different tissues by quantitative real-time PCR analysis. In our expression 
analysis, I were only able to detect OsSUMO1 and OsSUMO2 transcripts among the three 
SUMO genes tested (Fig. 3-6b). After evaluating multiple primer pairs and using cDNA 
derived from different tissues, I was still unable to amplify OsSUMO3 (data not shown). 
In Arabidopsis, even though the genome encodes nine SUMO genes, only four of them 
are expressed (Kurepa et al., 2003; Saracco et al., 2007). Accumulation of OsSUMO1 
mRNA is at least two-fold higher than that of OsSUMO2 in vegetative tissues, however, 
they are present at comparable levels in reproductive tissues like mature panicles and 
developing seeds. High levels of mRNA from both of these genes can be found in milk 
seeds and young panicle tissues.  These correlative data suggest that both genes may be 
functionally important during plant reproductive development. Furthermore, these data 
also indicate that OsSUMO1 protein has a more generalized function, whereas 
OsSUMO2 may perform specialized functions during plant reproductive development. 
OsSUMO2 is expressed at very low levels in leaf tissue, which may contribute to the low 
levels of free SUMO and SUMOylated proteins detected in leaf tissue (Fig. 3-6a). 
Among the E1 genes, mRNA for OsSAE1a is present at very high levels 
compared to OsSAE2 in all of the examined tissues (Fig. 3-6c). A similar observation was 
noted in Arabidopsis where AtSAE1a and AtSAE1b are highly expressed relative to 
AtSAE2 (Saracco et al., 2007). However, it is interesting to note that the SUMO 
activation enzymes SAE1 and SAE2 form a functional heterodimer, suggesting that these 
proteins should be present in equal amounts. AtSAE2 transcript was proposed to be more 
efficiently translated and/or the protein may be more stable which would result in a 
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stoichiometrically equal level for both of the E1 proteins (Saracco et al., 2007). Similar 
mechanisms may also apply for rice E1 proteins. In rice, both SAE1a and SAE2 
transcripts are highly expressed in reproductive tissues like panicles, developing flowers 
and seeds, indicating a potential role for these genes during reproductive development. 
Among the three SUMO conjugation enzyme genes, transcripts for OsSCE1b is 
present at very high levels (at least 15 fold more) compared to OsSCE1a and OsSCE1c in 
all of the tissues studied (Fig. 3-6d(i)). All three of the E2 transcripts are specifically 
enriched in milk seed tissue (Fig. 3-6(d(i) and d(ii)). These results indicate that OsSCE1b 
is the E2 gene with most abundant transcript and it may function as the major SUMO 
conjugating enzyme in rice. OsSCE1a and OsSCE1c are expressed in all of the tissues at 
relatively low levels (Fig. 3-6d(ii)). 
Among the two PIAS-type E3 ligases, OsSIZ1 mRNA is present at least two-fold 
higher than that of OsSIZ2 in all of the tested tissues.  These correlative data indicate that 
OsSIZ1 may function as the major SUMO ligase in rice (Fig. 3-6e). mRNA for both 
OsSIZ1 and OsSIZ2 are highly expressed in panicle and milk seed tissues and OsSIZ2 
was specifically enriched in crown tissue. Low accumulation of mRNA of OsSIZ1 and 
OsSIZ2 was noticed in leaf tissue which may contribute to the lowest levels of 
SUMOylated proteins which were identified in leaves (Fig. 3-6a). 
 
Response of SUMOylation system to abiotic stress conditions 
To understand the role of SUMOylation in rice stress responses, I examined the changes 
in SUMOylation profiles after giving cold, salt and ABA stress treatments to rice 
seedlings over a period of 12 hours. Changes in SUMOylation profiles were subsequently 
monitored with western blot analysis. To understand the role and regulation of individual 
components of SUMOylation cascade during stress conditions, I studied the changes in 
transcript levels with real-time PCR analysis. 
 
(A) Cold stress 
During cold stress at 4˚C, rice root tissues accumulated high molecular weight SUMO 
conjugates after only 1 hour of treatment. These conjugates were maintained at similar 
levels during 12 hours of treatment (Fig. 3-7a). This accumulation likely resulted from 
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the appearance of new SUMO conjugates or from an increased amount in the levels of 
SUMOylated proteins that were present prior to initiation of the stress treatments. A 
similar accumulation of SUMOylated proteins was noted in Arabidopsis upon cold stress, 
which was mediated to a large extent by the E3 enzyme AtSIZ1 (Miura et al., 2007b). In 
addition, a master regulator of cold responses in Arabidopsis (ICE1), was identified as a 
target for SUMOylation.  SUMOylation of ICE1 enhances its stability and affects its 
ability to mediate transcriptional regulation (Miura et al., 2007b). AtSIZ1 T-DNA 
insertion lines are freezing sensitive and impaired in their capacity to cold acclimate. The 
accumulation of SUMO conjugates in rice indicates that SUMOylation likely plays an 
important and similar role in the response to cold stress in this monocot model system. 
In response to cold stress, the majority of the SUMO cascade component 
transcript levels were decreased (Fig. 3-7b). Most prominently, SUMO transcripts and 
SUMO activation enzyme transcripts were reduced by more than half of their original 
level after 24 hours of cold treatment. However, SUMO conjugation enzymes OsSCE1b, 
OsSCE1c and the PIAS-type SUMO ligation enzyme OsSIZ2 showed a transient increase 
during early periods of cold treatment. These increases in transcript accumulation may 
contribute to the accumulation of SUMOylated proteins after exposure to cold stress. 
Given the importance of SUMO ligases in increasing the efficiency of SUMOylation and 
specificity [30-32], the increase in their transcription may result in the accumulation of 
ligase proteins and consequently an increase of SUMO conjugated proteins. 
 
(B) Salt stress 
 Compared to the rapid changes observed during cold stress, SUMO conjugates gradually 
accumulated during 12 hours of salt treatment (Fig. 3-8a). This disparity can be attributed 
to the differences in the physiological perception of these stress treatments under our 
experimental conditions. The observed increase in SUMOylated proteins may affect plant 
survival during salt stress. In Arabidopsis, the SUMOylation system was recently shown 
to respond to salt stress. Double mutants for two SUMO proteases (OTS1 and OTS2) 
showed extreme sensitivity to salt stress and overexpression of OTS1 increased salt 
tolerance.  These data clearly indicate an important role for the SUMOylation system in 
response to salt stress (Conti et al., 2008a). Our data are in good accordance and thus 
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corroborate the hypothesis that increased accumulation of SUMO conjugates during salt 
stress may have functional implications in rice.  
OsSUMO1 transcripts decreased to a large extent after exposure to salt stress, 
whereas OsSUMO2 transcripts transiently increased and were maintained nearly at initial 
levels (Fig. 3-8b). Both SUMO E1 enzyme transcripts are decreased in response to salt 
stress. Among the E2 enzymes, OsSCE1a transcript levels were maintained at similar 
levels, whereas OsSCE1b and OsSCE1c showed a significant reduction relative to initial 
transcript levels. Among the E3 genes, OsSIZ1 showed a transient increase in mRNA, 
whereas, OsSIZ2 mRNA began to increase in abundance after 6 hours of treatment. 
Comparative analysis of SUMO conjugate profiles and real-time PCR data enabled us to 
conclude that OsSIZ2 may play an important role in mediating SUMO conjugate 
accumulation during salt stress in rice.  
 
(C) ABA treatment 
Abscisic acid mediates plant responses to stress conditions such as cold, salinity and 
drought (Xiong et al., 2002; Mahajan and Tuteja, 2005). In Arabidopsis, research on 
transgenic plants overexpressing AtSUMO1 and AtSUMO2 along with co-suppression 
lines of AtSCE1a, showed that ABA plays a dual role in ABA signaling by positively 
effecting the induction of ABA responsive genes and by attenuating the ABA signaling 
pathway that leads to growth inhibition (Lois et al., 2003). However, it is not known if 
ABA mediates these physiological and molecular responses by affecting the SUMO 
conjugate levels of proteins in plants. Here, I show that ABA treatment effects SUMO 
conjugate accumulation in rice (Fig. 3-9a). Changes in profiles were reflected after 1 hour 
of ABA treatment by the appearance of new SUMOylated proteins.  These data further 
support the hypothesis that the SUMOylation of proteins in rice is a functionally 
important component in the response of rice to abiotic stress.   
After treatment with ABA, the majority of SUMO cascade component transcripts 
exhibited a transient decrease during the first 2 hours of treatment and subsequently 
returned to basal levels (Fig. 3-9b). The OsSUMO2 gene showed a prominent positive 
response 6 hours subsequent to ABA treatment, where its transcript accumulation was 
increased six-fold. Conversely, OsSUMO1 was not induced, thereby indicating a specific 
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role for OsSUMO2 in ABA stress response. Among the E1 genes, OsSAE1a transcript 
levels increased after 6 hours and E2 genes show a transient decrease followed by 
restoration to basal levels. Among the E3 ligases, OsSIZ2 mRNA levels increased 2-fold 
in 24 hours. These transcript analyses indicate that OsSIZ2 may be responsible for 
increased SUMOylation levels during ABA treatment and that the majority of rice 
proteins may be conjugated by OsSUMO2. 
In summary, I demonstrated that rice responds to different abiotic stress 
treatments by accumulating SUMO conjugated proteins. This study also indicated that 
individual components of the SUMOylation system are regulated at transcriptional level 
during stress conditions. Studies on the expression of individual SUMO components and 
accumulation of SUMO conjugates in different tissues indicated that SUMOylation may 
play an important role in plant growth and reproductive development in rice. 
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TABLES AND FIGURES 
 
Table 3-1.  Amino acid identities among each group of SUMO component genes from 
different organisms were calculated by using the Vector NTI program. Amino acid 
identities between different (A) SUMO proteins, (B) SAE1 proteins, (C) SAE2 proteins 









































Figure 3-1. Alignment of rice SUMO protein sequences with those of Arabidopsis, yeast 




Figure 3-2. Alignment of SUMO E1 enzyme sequences belonging to the SAE1 group. 
Rice sequences were aligned with those of Arabidopsis, yeast and humans. The 
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Figure 3-3. Alignment of SUMO E1 enzyme sequences belonging to the SAE2 group.  
Rice sequences were aligned with those of Arabidopsis, yeast and humans. ThiF domain, 
enzyme active site with the conserved Cysteine (shaded in red) residue and ubiquitin fold 







Figure 3-4. Rice SUMO E2 enzyme sequences were aligned with those of Arabidopsis, 
yeast and humans. Ubiquitin conjugating enzyme-like domains with active sites 


















Figure 3-5. PIAS type SUMO E3 enzyme sequences of rice aligned with those of 
Arabidopsis. The conserved SAP domain, PHD finger, and MIZ-SP Ring Zn finger 

















Figure 3-6. SUMOylation profiles and SUMO cascade component RNA accumulation in 
different tissues. (a) SUMOylation profiles in tissues from vegetative and reproductive 
tissues were determined by western blot analysis of 25 µg of total proteins. Relative 
mRNA accumulation levels of rice (b) SUMO genes (c) E1 genes (d-i and d-ii) E2 genes 
and (e) E3 genes were determined by quantitative real-time PCR by obtaining absolute 
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copy number for each gene and normalizing with the absolute copy number of the 
18srRNA gene. Note the differences in the scale of the Y-axis in the different graphs. 
Note that all of the SUMO components are expressed in all tissues and the majority of 
















Figure 3-7. Cold stress induces accumulation of SUMO conjugates and affects SUMO 
component gene expression. (a) In planta SUMOylation profiles in root tissue of 1 week 
old seedlings grown in a growth chamber maintained at 30°C (0 hr time point) and then 
transferred into cold water maintained in a growth chamber at 4°C.  Fifteen µg of total 
proteins were isolated and subjected to western blot analysis. Note the accumulation of 
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high molecular weight SUMO conjugates after cold stress treatment. (b) Changes in 
mRNA levels of rice SUMOylation components with cold treatment were determined by 
quantitative real-time PCR. Changes in transcript abundance were represented as fold 
change by calibrating the relative mRNA levels of each time point with the relative 
mRNA level of the 0 hr time point. Note the down regulation of transcript levels for 
SUMO and E1 genes. Among E2 and E3 genes, OsSCE1b, OsSCE1c and OsSIZ2 are 










Figure 3-8. Salt stress induces accumulation of SUMO conjugates and effects SUMO 
component gene expression. (a) Western blot analysis of 15 µg of total proteins from 1 
week old seedling root tissue grown in tap water (0 hr) and after transferring to 250 mM 
salt solution. Note the accumulation of high molecular weight SUMO conjugates after 
transferring to salt solution. (b) Changes in mRNA levels of rice SUMOylation 
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components with salt stress as determined by quantitative real-time PCR. Fold change 
was calculated as described for Fig 2B. Note the down regulation of SUMO and E1 and 









Figure 3-9. ABA induces accumulation of SUMO conjugates and affects SUMO 
component gene expression. (a) SUMO conjugate levels from 1 week old seedling root 
tissue grown in tap water (0 hr) and after transferring to 50mM ABA solution were 
94 
 
determined by western blotting with 15 µg of total protein extracts. Note the 
accumulation of high molecular weight SUMO conjugates after transferring to ABA 
solution (b) Changes in mRNA levels of rice SUMOylation components were determined 
by quantitative real-time PCR analysis. Fold change was calculated as described for Fig 

































The aim of the first part of the study was to understand the role of rice cold shock domain 
proteins (OsCSPs) in plant abiotic stress responses and during plant development. The 
conclusions that can be drawn from this study are: 
 
 The rice genome contains two cold shock domain proteins  
 
 Rice CSPs like CSPs from other organisms exhibit a ssDNA binding 
 
 Similar to the bacterial and winter wheat CSPs, rice CSPs are capable of 
functioning as RNA chaperones  
 
 Unlike winter wheat and Arabidopsis CSP transcripts, OsCSP transcripts are only 
transiently and marginally increased in response to cold stress  
 
 OsCSPs do not accumulate in response to cold stress. This is in contrast to the 
results obtained for CSPs from winter wheat and Arabidopsis 
 
 Comparison of the expression data of CSPs from rice with that from cold 
acclimation capable plants like Arabidopsis and winter wheat suggests that CSPs 
might be involved with the ability for cold acclimation in higher plants 
 
 During development, rice CSPs and their transcripts are highly expressed in the 
reproductive tissues implicating a role in plant reproductive development 
 
 Rice CSPs are also highly expressed in actively growing tissues which commonly 
exhibit meristematic activity, thus implicating a role for these proteins in plant 
growth and development  
 
 
The aim of the second part of this study was to determine if plant CSPs are modified by 
SUMOylation and to decipher the effects of this modification. Conclusions from this 
study are: 
 
 Both rice CSPs contain SUMOylation motifs and are capable of undergoing 
SUMOylation 
 
 Among the four Arabidopsis CSPs, only AtCSP1(At4g36020) contains  consensus 
SUMOylation motifs 
 
 AtCSP1 protein is SUMOylated on Lysine  residue 83 





In the third part of this study, I aimed to characterize the sequence and transcriptional 
regulation of individual components of the SUMO conjugation system of rice. I also 
characterized the SUMO conjugate profiles during plant development and stress 
conditions. The conclusions from this study are: 
 
 Rice contains all the components required for SUMO conjugation: SUMO 
proteins, E1 activation enzymes, E2 conjugation enzymes, and E3 SUMO ligation 
enzymes 
 
 Sequence analysis revealed that rice SUMO proteins, E1 and E2 enzymes show 
similarity to those of Arabidopsis, yeast and human sequences and contain all 
conserved motifs.  
 
 PIAS type E3 enzymes from rice show high similarity to those of Arabidopsis. 
Rice and Arabidopsis PIAS-type E3 ligases contain extra domains that are not 
present in yeast and animal PIAS-type E3 ligases 
 
 During development, the highest levels of SUMO conjugates are found in panicle 
tissues, suggesting an important role in plant reproductive development 
 
 All of the SUMO cascade components are ubiquitously expressed indicating the 
essentiality of the SUMOylation system in all plant tissues 
 
 The majority of the SUMOylation cascade components are preferentially 
expressed in reproductive tissues like developing seeds and panicles which also 
implicate important roles for the SUMOylation system during the reproductive 
development of rice  
 
 The SUMOylation system of rice responds to abiotic stress conditions like cold, 
salt and ABA treatments by accumulating large amounts of SUMO conjugate 
proteins. This indicates the importance of SUMO conjugated proteins in 
mediating stress responses in rice 
 
 In response to stress conditions, the majority of the SUMOylation components are 
transcriptionally down-regulated. However, the SUMO ligase gene (OsSIZ2) is 
transiently up-regulated during all of these stress treatments. Considering the 
importance of SUMO ligases in increasing the efficiency and specificity of 
SUMO conjugation, OsSIZ2 may play an important role in the accumulation of 
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